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ABSTRACT
The magnetic and electric properties of novel magnetic systems have aroused great
interest in the physics research community. In the classic LaMnO3 to DyMnO3
compounds, orbital ordering and the Jahn-Teller effect play a critical role in
determining the magnetic interactions. By introducing suitable alkaline earth metal
ions (such as Ca2+, Sr2+) into ReMnO3 (Re = La3+, Sm3+, Nd3+, Pr3+), insulator-metal
behavior was discovered which could be modified by changing the content of
alkaline earth metal ions. Furthermore, a colossal magnetoresistance effect was
subsequently found around the magnetic phase transition in these materials with the
Mn3+/Mn4+ mixed state. On the other hand, a giant magnetoresistance effect can be
achieved in many multilayer systems and in granular, heterogeneous, or phase
separation magnetic alloys, on the basis of which, memory devices with high density
data storage have been designed and put into large-scale industrial application. There
are also other significant physical phenomena, such as the exchange bias effect (the
theoretical

prototype

of

some

magnetic

recording

devices)

and

multiferroic/magnetoelectric coupling (which shows the possibility of achieving
much higher data storage in the future).
In the beginning, a brief review of the magnetoresistance effect, exchange bias, and
multiferroic/magnetoelectric coupling is presented, giving the basic physical
principles and the latest progress as well. After the introduction, the work done
during this PhD study is presented as follows:
a) Structural, magnetic, heat capacity, and dielectric properties in DyMn1-x FexO3
DyMnO3 possesses an incommensurate antiferromagnetic ordering at low
temperature due to the magnetic interaction competition, which can also be regarded
ii

as a frustrated magnetic state. This special ordering produces a ferroelectric ordering
according to the spin current model. To study the magnetic competition behavior, we
partially replace the Mn3+ by Fe3+, considering that Fe3+ has 5 electrons on its 3d
orbital, while Mn3+ only has 4 electrons on that orbital. This work adds to our
understanding of the stability of spiral ordering and provides experimental evidence
to demonstrate the possibility of modifying the magnetic ordering in the frustrated
state.
b) Structure and magnetic properties in Nd1-xErxMnO3
The rare earth manganese oxides have interesting physics, such as the orbital
ordering in LaMnO3. As mentioned above, DyMnO3 shows multiferroic properties.
The different physical behavior is strongly dependent on the rare earth element. In
this work, we have chosen to study the Er3+ doping effect on the magnetic behavior
in NdMnO3, considering that both Er3+ and Nd3+ are magnetic ions. This study will
help to clarify the interaction between magnetic rare earth ions and transition metal
ions, and the competition between two different magnetic rare earth ions.
c) Heat capacity in Nd1-xErxMnO3
This work is based on a thermodynamic study. The heat capacity can reveal the low
temperature behavior of such a compound, such as an anomaly in the magnetic
entropy and the ground state splitting of rare earth ions. Combined with the results
from b), we can explain the competition between the crystal field (dependent on
structure) and exchange field (dependent on the magnetic interaction).
d) Exchange bias in NdMnO3 and Pr0.5Y0.5Mn2Ge2
The exchange bias effect is usually observed in bilayer systems. For bulk materials,
the exchange bias effect has not been thoroughly investigated. In this work, we study
iii

the simple perovskite NdMnO3 and the magnetocaloric Pr0.5Y0.5Mn2Ge2 alloy. The
exchange bias field in NdMnO3 can reach -2400 Oe and 1800 Oe in various cooling
fields. This work will help in the exploration of more single phase materials with the
exchange bias effect. This foreshadows the possibility of a room temperature
exchange bias effect in other similar or different alloys.
e) Interface structure and ferroelectricity in SmFeO3 thin film
Artificial stress engineering can modify the physical behavior in bulk materials. It is
also possible to achieve a relatively strong ferroelectric state in some nonferroelectric or weak ferroelectric materials. In this work, I intended to confirm this
assumption and study epitaxial SmFeO3 on Nd-SrTiO3 substrate based on structural
characterization and electric/magnetic measurements.

This work will stimulate

interest in interface ferroelectric behavior.
Finally, I will summarize all the work described in this thesis.
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1 INTRODUCTION
Magnetic materials are widely used in our daily lives and in industry. One of these
representative applications is data storage based on the magnetoresistance effect in
some novel magnetic materials. In this chapter, I would like to briefly introduce the
background of basic magnetic systems and review several significant physical
phenomena which are regarded as the milestones and hot topics in the physics and
materials fields.
To be simple, intrinsic magnetism can be induced by unpaired electrons whose spins
produce net magnetic moments. This phenomenon can be observed in ionic states
(for example, LaMnO3 is a classic magnetic material as the element Mn is in an ionic
state and carries unpaired electrons) and in normal atomic states as well (for
example, CoPt is a typical magnetic material, as Co carries unpaired electrons, but
not in an ionic state). We are familiar with Fe, as it is an important material used in
various fields, such as steel in housing and buildings in general. It is also the
structural material of cars. Fe itself can also be a magnetic material, and Fe rods are
usually inserted into solenoids to enhance the output magnetic fields. Considering
that there are many atoms or ions containing unpaired electrons, magnetism can exist
in a large numbers of materials. On the other hand, a magnetic field can be produced
by an electric current, as shown in any introductory physics textbook, but it is a nonintrinsic magnetism and different from what I am going to present in this thesis.
In the last several decades, magnetic materials have been of great interest in physics
research. The following brief review will allow us to know some unique magnetic
properties, such as the magnetoresistance effect, the exchange bias effect, the
multiferroic property, and the magnetoelectric effect.
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1.1

Magnetoresistance effect

The relative change in the electric resistivity due to an external magnetic field in a
magnetic material is called the magnetoresistance (MR) effect, in form of (RH-R0)/R0
× 100%, where RH and R0 refer to the resistance with and without magnetic field.. In
common magnetic materials, the MR effect is small, but it is obvious in many
perovskite manganese oxides, in which the effect can reach from several percent to
several hundred percent.1 Previously, magnetic materials were usually used as
magnets, but the MR effect has given the magnetic materials new life, especially
based on the discovery of the giant and colossal magnetoresistance (GMR/CMR)
effects. New types of memory devices, magnetic recording heads, and spin valve
sensors2 were designed,3 and application in industry has also been achieved.

3, 4

According to the value of the MR effect, it can be divided into three categories:
common MR, GMR, and CMR.
The common MR effect prevails in most magnetic materials, but its value is quite
small, so that we could miss observing it on occasion. Hence, it failed to attract the
wide attention of physical scientists. However, the situation changed when people
found that the MR effect can reach several percent in some magnetic multilayer
systems, a phenomenon denoted as GMR effect. Initially, the GMR was observed in
magnetic superlattices5, ferromagnetic multilayers6, heterogeneous alloys7, and some
mixed-valence manganese oxides8, 9. Furthermore, the MR effect can exceed a
hundred percent and even higher around the magnetic transitions in many pervoskite
manganese oxides, a phenomenon which is called the CMR effect.10-12 Such large
MR effects foreshadow possible applications in spintronic devices. In this section, I
am going to concisely review the historical study of the GMR and CMR effects.
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They also studied the thickness dependence of the non-magnetic Cr layer, where the
saturation magnetic field, Hs, decreased and the GMR effect also decreased with
increasing thickness. This thickness dependence was also investigated in detail and
found to be a non-linear behaviour with an oscillatory period, which will be
discussed later.
According to this basic model, it is not difficult for researchers to design other new
GMR systems if the relative configurations of two adjacent magnetic layers can be
adjusted by the external magnetic field.
(1) Antiferromagnetic multilayers
Just as mentioned above, the GMR in Fe/Cr multilayers is a typical antiferromagnetic
multilayer system.13 A simple way to achieve GMR is by using another nonmagnetic layer to replace the Cr layer, such as a Cu layer 16. As the structure of Fe is
close to that of Cr, it is easy to obtain epitaxial growth, and this will help to reduce
parasitic scattering and allow higher electronic conduction. This situation is totally
changed when the non-magnetic layer consists of Cu. Because the structure of the Cu
layer is different from that of the Fe, the interface parasitic scattering is quite strong,
and this weakens the spin scattering effect. Hence, the final MR effect is much
weaker compared with that in the Fe/Cr system. If the Cr layer is kept as the nonmagnetic layer, the Fe layers can be replaced by Co17 or NiFe alloy18.
What is interesting is that the GMR effect and the saturation magnetic field have a
non-linear dependent on the thickness of the non-magnetic layers. They show
oscillatory dependence with a certain repeat period. One example is the non-linear
behaviour of the GMR effect in a Fe/Cr superlattice reported by S.S.P. Parkin et al.,
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To better understand the GMR effect in this kind of sandwich, Figure 1.1-3 shows
the results for NiFe/Cu/NiCo reported by B. Dieny et al.23. As the coercive fields of
these three systems are very low, the field for switching one layer is just around 50
Oe or even lower, and the GMR effect can reach several percentages. For the
NiFe/Cu/NiFe/FeMn structure, the authors introduced an FeMn layer to apply an
extra pinning force on the cohesive NiFe layer and achieved a higher coercive field
than that in the NiFe layer which was deposited on the non-magnetic Cu layer.23 This
kind of design allows the possibility that a moderate magnetic field can only switch
the spins in the NiFe layer with a low coercive field. It is also possible to produce
two ferromagnetic layers with different coercive fields by controlling their thickness
if the coercive field is dependent on the thickness.
(3) Non-multilayer materials
The representative works on the GMR effect in bulk materials were done by J.Q.
Xiao et al.24 and A.E. Berkowita et al.7. Their works were both based on magnetic
alloys. According to their results, the GMR effect can only occur when there is a
phase separation state in which small ferromagnetic clusters are embedded in a nonmagnetic matrix. On the contrary, there is no GMR effect in homogeneous bulk
alloys. Co16Cu84 alloys can display a 9% GMR effect at 5 K, as shown in Figure
1.1-4. If the granular particle size is a little smaller, the GMR can increase to
11.5%.24 This phenomenon disappears in homogeneous Co80Cu20 alloys. The GMR
effect can also be observed in phase separated Fe30Cu70. They also studied the
magnetic rare earth alloy Gd25Ti75, which is also in a phase separation state. No
GMR effect can be found in this alloy thin film, however. Hence, the spins
contributed by the 3d orbitals are critical and necessary to achieve the GMR effect
because the electrons in 3d orbitals in Co or other magnetic transition metals are also
27
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representative material is La0.67Ca0.33MnO310. The resistivity is reduced when the
manganese oxide enters into the ferromagnetic state from the paramagnetic state, as
was revealed early in 195029. Much more interesting, the resistivity could drop
further when a magnetic field was applied in this kind of material. As displayed in
Figure 1.1-5, the resistivity in Sm1-xSrxMnO3 and Nd1-xSrxMnO3 (x = 0.45) shows
relatively high values in zero magnetic field around the ferromagnetic transition,
while the resistivity decreases significantly in magnetic fields1. This CMR effect is
almost 100%. The magnetic transition here corresponds to the insulator-metal
transition. As the Sr2+ doping introduces the mixed Mn3+/Mn4+ state, the interaction
between Mn3+ and Mn4+ is dominated by the double-exchange interaction, which
requires electron hopping. Above the ferromagnetic transition temperature, the spins
are in a highly disordered state, and the materials show insulating behaviour, while
the materials show metal conductive behaviour below the Curie temperature, TC, due
to the local alignment of spins. When the magnetic field is applied, the spins in the
materials are aligned at long range, which further reduces the scattering and enhances
the electronic hopping. In this case, a significant drop in the electrical resistivity can
be observed. In fact, the MR effect already occurs above TC, which suggests that the
mechanism is much more complicated. To explain this “anomaly”, the spin-lattice
coupling is introduced, also named the spin-phonon coupling30, 31. The spin-phonon
coupling stems from the lattice deformation or Jahn-Teller effect around the
magnetic transition, during which the energy level of the 3d orbital decreases though
the distortion of the MnO6 octahedra. This deformation is a dynamical process and
allows for itinerate electrons. Above the magnetic transition, the dynamical JahnTeller distortion could produce polarons32, which are temperature and magnetic field
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1.2

Exchange bias effect

An anisotropy can be induced by the coupling between a ferromagnetic and an
antiferromagnetic interface when the temperature is lower than their transition
temperatures.37, 38 Such anisotropy may favour an asymmetric magnetic hysteresis
loop with different coercive fields in the ferromagnetic component, which is termed
the exchange bias effect. Generally, the exchange bias effect can be observed in
antiferromagnetic and ferromagnetic bilayers, antiferromagnetic-ferrimagnetic
interfaces, and ferromagnetic-ferromagnetic interfaces.39, 40 Because of the relatively
easy control of bilayer systems, the exchange bias effects in such systems have been
widely studied. On the other hand, the exchange bias effect can also occur in single
phase bulk materials. Here, I am going to review the exchange bias effects in bilayers
and bulk materials.
1.2.1

Exchange bias effect in bilayers

(1) Classic exchange bias bilayer systems
The magnetic transition metals and their oxides can form the classic exchange bias
systems, such as Co-CoO41-44, Fe-FeO45,

46

, and Ni-NiO47. This system can be

effectively modified and characterized. The training effect and temperature
dependence have been demonstrated by several groups.48, 49 Meanwhile, this kind of
system is sensitive to the synthesis process and the temperature. By adequate heat
treatment, the exchange bias effect can be enhanced.44 There are also theoretical
models and experimental explanations for such bilayer systems.40, 42, 50 One of the
most accepted explanations is the uncompensated spins on the antiferromagnetic
layer. Such spins offer a pinning force on the ferromagnetic layer and induce the
asymmetric exchange interaction and consequent anisotropy, i.e., the exchange bias
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are also intriguing for the observation of the exchange bias effect at the LaNiO3LaMnO3 interface, as shown in Figure 1.2-1.51 As LaNiO3 is paramagnetic material
while LaMnO3 is an antiferromagnetic material, the exchange bias effect should not
occur in such systems. The interface effect induces a possible ferromagnetic layer in
LaNiO3, however, and produces the exchange bias effect as a consequence. This
work provides the experimental guidance towards achieving exchange bias effects in
some other similar or even totally different systems in which we never think about
the possibility of such unique effects.
1.2.2

Exchange bias effect in bulk materials

(1) Alloy
As magnetism can exist in atomic states, the alloys containing magnetic atoms can
show magnetism as well. If there are more than one magnetic phase, such as with the
coexistence of ferromagnetism and antiferromagnetism, the exchange bias effect may
occur. This assumption has already been proved by the exchange bias in UMn2 as
early as 1957 by S.T. Lin and A.R. Kaufmann.57 After that, more such Laves phase
intermetallic alloys were found to allow the exchange bias effect, such as
Sm0.975Gd0.025Cu4Pd58, Nd60Fe30Al1059, and Nd0.75Ho0.25Al260. The interaction
between different magnetic orderings or secondary phases in these complex magnetic
states is responsible for the exchange bias effect.
Apart from the above materials, exchange bias effects are also observed in other
families, such as some Heusler alloys and binary alloys.

61

Binary alloys are easy to

obtain and modify and some representative alloys with the exchange bias effect are
listed here: Ni-Mn62, Co-Mn63, and Fe-Mn64. Representative Heusler alloys with the
exchange bias effect are the Ni-Mn-X (X = Sb, In, Sn)65-71 family and Cu-Mn-Al
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alloy72. In Ni-Mn-Sn, Z. Li et al. studied the temperature dependent exchange bias
field, and the exchange bias effect is ascribed to the coexistence of antiferromagnetic
and ferromagnetic ordering in the martensitic state. Sometimes, the magnetic
competition may induce a frustrated state, such as spin-glass-like behaviour, and
such state can allow an exchange bias effect if a ferromagnetic ordering is also
present. 73
(2) Metal oxides
Analogous to the exchange bias effects obtained in alloys, it is also possible to
achieve exchange bias effects in magnetic metal oxides, so long as there is
coexistence of antiferromagnetism or a spin glass like state and ferromagnetism in
the same compound. A typical oxide compound is Pr1/3Ca2/3MnO3, as reported by D.
Niebieskikwiat and M.B. Salamon in 2005.74 Charge ordering exists due to the
mixture Mn3+ and Mn4+ states in this material, which may allow the coexistence of
ferromagnetic clusters and antiferromagnetic ordering, a situation that is generally
named phase separation.12 This ‘rule’ seems to apply to other phase separation
systems, such as La1-xCaxMnO375 and Nd0.5Sr0.5MnO376, in which exchange bias
effects have also been demonstrated.
On the other hand, magnetic rare earth elements have a strong interaction with the
transition metal in some ABO3 compounds.77,

78

In such system, there are two

magnetic sublattices, in which the coercive fields may be different. Based on this
assumption, the exchange bias effects may be achieved if only one set of magnetic
sublattice is adjustable by external magnetic field, while the other remains
substantially the same. Recently, two groups reported exchange bias effects in La1xPrxCrO3
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and Sr2YbRuO6 (or SrYb0.5Ru0.5O3)80. In their work, the polarity of the
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exchange bias effect can be changed at high cooling field, due to the flipping of one
magnetic sublattice which should remain unchanged in a low cooling field.
Here, another magnetic metal oxide compound, LaMn0.7Fe0.3O3, should be
mentioned, as its complex magnetic configuration consists of both a ferromagnetic
cluster glass state and a spin glass state. On the interface of the different glass states,
the anisotropy can be induced due to the freezing effect, and the exchange bias effect
can be produced in various external cooling fields. 81, 82
1.3

Multiferroics and the magnetoelectric coupling effect

Multiferrroics are materials that possess more than one “ferro-type” property
(ferroelectric, ferromagnetic, ferroelastic). Among some of multiferroic materials,
one “ferro” property is associated with the other. When the electric properties are
correlated with the magnetic properties, magnetoelectric coupling arises (generally, it
is called ME effect). Traditionally, electric properties can be affected by an external
magnetic field, a common phenomenon in multiferroic materials with the ME effect.
Recently, more effort has been focused on the inverse effect: electric field controlled
magnetic properties, which is called the inverse ME effect. Because of the
advantages of multiferroic materials, allowing more operation of degree of freedoms,
they are expected to be innovative material for use in electronic devices, such as
memory devices.83
1.3.1

Representative multiferroic materials

(1) BiFeO3
BiFeO3 has been strongly investigated during the past several years, for it is the only
single phase material which has both electric and magnetic ordering above room
temperature84, 85. It has a rhombohedral structure at room temperature with point
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group R3c.86 As the temperature is increased, a high temperature phase occurs with a
volume contraction around 1098 K, at which the ferroelectric-paraelectric transition
occurs.87, 88 The structure of BiFeO3 at high temperature has been studied by many
groups because of its complex properties. In most cases, it is accepted that BiFeO3
has an orthorhombic structure at high temperature.88, 89 There are also many reports
claiming monoclinic90, 91, (pseudo)tetragonal90, or rhombohedral92 structures. It is
believed that there is another cubic phase at higher temperature.
Room temperature ferroelectric properties have been investigated based on the
polycrystalline93-95, single crystal96, 97, and thin film84 BiFeO3 samples. In the single
crystal, the remnant polarization Pr can reach 60 µC/cm2 normal to (001), which
corresponds to 100 µC/cm2 along the [111] direction in pseudocubic form.96,

97

Theoretical calculation shows that the ferroelectric polarization in bulk BiFeO3 can
reach 90-100 µC/cm2 and is sensitive to artificial stress98, 99. The strain effects on the
polarization have been examined by a few groups100-102. Considering the leakage of
BiFeO3, element doping was used to improve the ferroelectric properties.103-107
The magnetism of BiFeO3 stems from the Fe sublattice. The basic spin configuration
is a G-type antiferromagnetic state starting from 643 K. At the same time, there is an
extra long-range superstructure in form of an incommensurate spin cycloid with a 62
nm period.108,

109

Additional evidence, however, shows that there are two extra

transitions at low temperature. One is around 140 K, while the other transition occurs
around 200K.

110, 111

Furthermore, ferromagnetic behaviour could be observed from

the magnetic hysteresis loop at low temperature112,

113

. These phenomena are

consistent with each other and indicate that there is strong competition between
antiferromagnetic and ferromagnetic interactions at low temperature. This
competition could induce a spin-glass-like intermediate state. 113
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Based on these considerations, it is not difficult to find that the origins of the
magnetic and ferroelectric interactions are different, considering their different phase
transition temperatures. The main contribution of polarization comes from the classic
atomic displacement of Bi. Therefore, to observe the magnetoelectric coupling in
BiFeO3 is no easy task, as the coupling is very weak. In spite of this difficulty, it is
still possible to combine BiFeO3 with other magnetic materials and achieve
magnetoelectric coupling at the interfaces, which will be discussed later.
Meanwhile, we should also have an idea in mind that only direct coupling between
magnetic and ferroelectric ordering could produce strong magnetoelectric coupling.
To explore such materials, one possibility is that special magnetic ordering could
induce the simultaneous occurrence of ferroelectric ordering. The following sections
show just this kind of phenomenon.
(2) RMnO3 (R = Dy, Tb, Gd, Y, Ho)
The listed rare earth manganese oxides are in the orthorhombic structure except for
YMnO3 and HoMnO3. For YMnO3 and HoMnO3, the orthorhombic structure can
only be stabilized under high pressure during the synthesis process.
In fact, YMnO3 and HoMnO3 show the ferroelectric property below their
ferroelectric transition temperature at 920 K when they are in the normal hexagonal
structure.114,

115

Considering the trimmer structure, the Mn spins cannot arrange

themselves in the normal collinear antiferromagnetic state or even the canted
antiferromagnetic state because of magnetic structure frustration. The detailed
magnetic structure was revealed by several groups, and there is an antferromagnetic
transition around 70-80 K116-119. A dielectric anomaly was observed around the

37

antiferromagnetic transition, suggesting coupling between the magnetic and the
ferroelectric ordering.120 This is also confirmed by domain studies.121, 122
On the other hand, orthorhombic YMnO3 and HoMnO3 have also been studied in
form of bulk materials and thin films.114, 123, 124 To synthesize orthorhombic YMnO3
and HoMnO3, high strain should be applied. Therefore, it is easy to deposit thin films
rather than prepare single phase bulk materials. Contrary to the situation in the
hexagonal structure, the magnetic phase transition is quite different in the
orthorhombic structure. The Mn sublattice enters into an incommensurate
antiferromagnetic ordering around 42 K, and there is an extra lock-in transition into a
temperature independent wave vector at the lower Néel temperature, TN2.123, 125, 126
These two transitions are hard to identify just based on physical properties magnetic
system (PPMS) magnetic measurement, due to the subtle change in the magnetic
moment during the transitions, but they can be determined by the optical and
dielectric methods.127 This kind of magnetic phase transition prevails in another three
compounds (DyMnO3, TbMnO3, GdMnO3). Because of the change in the structure
and symmetry, the previous high temperature ferroelectric transition disappears and
is replaced by a low temperature ferroelectric transition induced by the special
magnetic ordering.127 The polarization in orthorhombic YMnO3 is also very small,
only 0.2 µC/cm2,127 compared with that in the hexagonal structure, in which the
polarization can reach 5.5 µC/cm2.
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Although the polarization is small, a clear

dielectric anomaly can be observed below TN2, suggesting obvious magnetoelectric
coupling.127
For DyMnO3, TbMnO3, and GdMnO3, the structures are very close to each other.
Early in 2005, T. Kimura and Y. Tokura et al. reported their multiferroic properties
and carried out a magnetoelectric coupling study.129 Generally, these compounds
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exist

in
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orthorhombic

structure

and

experience

an

incommensurate

antiferromagnetic transition around 40-45 K. As the temperature goes even lower, a
long-wavelength, nearly lock-in, antiferromagnetic (spiral) ordering appears with
different propagation vectors. Such a superstructure could induce an improper
ferroelectric ordering according to the spin current model. Meanwhile, the dielectric
measurements shows that there is an anomaly when the sample enters into the spiral
ordering, suggesting magnetoelectric coupling.129, 130 The magnetoelectric diagram in
various magnetic fieldd was presented, and and it was found that the magnetic field
along a certain direction could induce the flipping of the spiral propagation vector
and the consequent ferroelectric polarization vector.

129

This phenomenon was

further investigated by another group.131
Based on these results, many groups have attempted to adjust the magnetic and
ferroelectric properties by applying stress to thin films and by A site and B site
element doping in the bulk ABO3 structure.132-135
(3) CaMn7O12
A charge ordering state was found around 440 K in CaMn7O12, and there is a strong
dielectric response at room temperature which is attributed to the presence of charge
ordering and the Maxwell-Wagner effect.136-138 In contrast to the orthorhombic
RMnO3 ， CaMn7O12 belongs to the quadruple (AC3)B4O12 perovskite structure,
while the Mn on the C site is Mn3+ and the Mn on the B site is Mn3.25+ (mixed state
of Mn3+ and Mn4+). 139 Hence, the charge ordering forms in the Mn sublattice on the
B sites.140 At high temperature above 440 K, the material is in cubic structure, and
the Mn3+ and Mn4+ at the B sites are in a disordered state. On decreasing the
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temperature, the symmetry becomes lower, and the compound is in the rhombohedral
phase.139
The magnetic transition had been studied by several groups, but the results are not
well consistent with each other.141-143 Detailed investigation by more accurate
magnetic measurements and the thermodynamic method confirms that there are two
obvious magnetic transitions: one is located around 90 K and the other takes place at
50 K. The higher temperature magnetic transition is a typical antiferromagnetic
transition from the paramagnetic state to a complex non-collinear antiferromagnetic
state.144 The second transition around 50 K still lacks study, and the magnetic
properties cannot be exactly determined.
Ferroelectricity was first observed by G.Z. Zhang et al.140. The ferroelectric transition
was found to start from 90 K, which is the same as with the magnetic transition,
suggesting a magnetic origin, and the low temperature polarization is about 0.045
µC/cm2. Therefore, the ferroelectric property of CaMn7O12 shares the same
mechanism with that of DyMnO3. The work done by G.Z. Zhang et al. also shows
that magnetic field will suppress the polarization, further confirming the magnetic
mechanism and magnetoelectric coupling. Another similar work was also carried out
by R.D. Johnson et al., and their results show a larger polarization, reaching 0.28
µC/cm2, in single crystal.
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Therefore, their work sheds light on exploring new

multiferroic materials in the quadruple family.
(3) CuB2 (B = Br, Cl)
Beyond manganese oxide, the attempt to find new and simple multiferroic
compounds is still ongoing. The multiferroic property of CuCl2 was first proposed by
M.G. Banks et al.145 CuCl2 just contains two elements, and it crystallizes with a
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monoclinic structure with C2/m symmetry.146 A systematic magnetic study was
conducted based on neutron diffraction, heat capacity, and common magnetic
measurements. Their results show that there is strong lattice/structure change and
magnetic diffraction near 24 K, based on their neutron diffraction experiment, which
corresponds to a long-range incommensurate antiferromagnetic transition with a
propagation vector (1, 0.225, 0.5). According to the spin current model147, 148, this
kind of magnetic ordering may allow ferroelectric polarization. The ferroelectric
property was revealed by the experimental results from the Y. Tokura group.149
Detailed polarization analysis was carried out by them, such as temperature
dependence, direction dependence, and magnetic field dependence. A clear
polarization – electric field (P-E) hysteresis loop was obtained at low temperature,
and magnetic field could induce direction flipping of spiral spin ordering and
suppress the polarization, indicating the magnetic-field-induced ferroelectric
polarization and strong magnetoelectric coupling.
Following the above results, L. Zhao et al. reported that they observed ferroelectric
polarization150 in antiferromagnetic CuBr2, while another group explained the
phenomenon based on theoretical calculations151. Compared with CuCl2, CuBr2 has a
much higher magnetic/ferroelectric transition temperature, which can reach 73.5 K,
but similar ferroelectric polarization. Furthermore, external magnetic field could help
to enhance the polarization, suggesting the complex magnetic competition and a
positive magnetoelectric coupling. 150
Therefore, the simple multiferroic compounds may attract the attention of more
researchers to achieve multiferroic phases in other possible compounds and improve
the ferroelectric transition temperature.
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1.3.2

Magnetoelectric coupling

The magnetoelectric coupling becomes extremely interesting because it allows the
possible operation of extra degrees of spin freedom beyond the general electric
freedom, which can achieve much higher data storage density. Just as mentioned
above, many groups have observed the coupling between magnetic and electric
orderings by means of dielectric methods and the application of external magnetic
field. Apart from the above materials, researchers have also found many other
alternative materials which show tremendous potential for application in electronic
devices.
1.3.2.1 Non-centrosymmetric (Cu, Ni)B2O4
M. Saito et al. employed a non-centrosymmetric insulating magnet, (Cu, Ni)B2O4, to
achieve the periodic rotation of the magnetization by an electric field152. Previously,
a material with magnetostriction or ferro-elasticity could be regarded as a good
candidate to achieve ME coupling though structural change when an external
magnetic or electric field is added. The structural change is not suitable for fast
repeatable rotation control of the magnetization direction, however, for this process
will cost significant energy and be accompanied by fatigue. Based on this demand, a
material with small magnetic anisotropy can be a good replacement and works
continuously with subtle structural modification.
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Figure 1.33-1 Controll of magneetization dirrection in (Cu, Ni)B2 O4 at 15 K by an
electric fieeld. 152
The symm
metry is redu
uced when CuB2O4 ch
hanges into the ferromaagnetic phaase. If an
external H field is app
plied along the [110] axis,
a
the poin
nt group beecomes mm2
2 instead
of -42m, and the eleectric polarrization P0 can exist along the c axis. A two-fold
t
a
the a or b axiss can inducce the oppo
osite electriic polarizattion –P0
rotation about
because of
o the [1-10] orientedd magnetizaation. From
m the recipprocity theo
orem, an
electric fieeld along th
he c axis shhould inducce in-plane magnetic aanisotropy with the
easy axis along a diaagonal axis,, and the op
pposite field
d can rotatee the magneetic easy
axis by 900° in the ab plane.
Ni doped into CuB2O4 can incrrease magneetic permeaability, solvving the pro
oblem of
suppressedd magneticc permeabillity while using
u
a 30
0 mT field to fully align
a
the
magnetic domains off CuB2O4, aallowing a lo
ower magneetic field too align the domains.
d
They obsserved mag
gnetic mom
ment rotatio
on under external
e
eleectric field by the
magneto-ooptical Kerrr effect (MO
OKE) techn
nique, as shown in Figu
gure 1.3-1. Firstly,
F
a
small maggnetic field along the a axis is app
plied to ind
duce saturattion of the moment.
m
After this, an electricc field norm
mal to the ab plane iss applied allong the c axis. By
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changing the value of electri c field, moment
m
rotaation can be achieveed. This
d induces a moment aloong the [110] or [1phenomennon indicatees that the eelectric field
10] directiion, and a rotation is thhe cooperatiive effect of this momeent and the moment
along the a axis. Th
herefore, thhe rotation ∆θ cannot exceed 45°°.When app
plying a
small maggnetic field and a suitaable electricc field, obvious rotatioon can be observed.
When the magnetic field
f
is largge, such as 20 or 50 mT,
m this fieeld will preevent the
rotation innduced by the
t electric field. In th
his case, hig
gher electricc field is neeeded to
produce thhe same rotaation as the case of small magneticc field.

Figure 1.33-2 Dependeence of ∆θ oon the magn
netic field in
n various ellectric fieldss. 152
A multidoomain state should exisst when thee magnetic field
f
along the a axis is small,
as shown in Figure 1.3-2.
1
Increaasing this magnetic
m
fieeld can supppress the fo
ormation
of domainns, and the crystal beccomes singlle domain under
u
largee external magnetic
m
field, so thhat the electtric field cannnot rotate this domain
n easily.
Therefore, a non-cen
ntrosymmetrric magnet sheds greatt light on thhe potentiall control
of magneetization by
y electric field at higher
h
temp
perature, eespecially at
a room
temperatuure.
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1.3.2.2 Spiral Ba2Mg2Fe12O22
Early in 2008, Tokura’s group in the University of Tokyo found that they could
control the electric polarization through a low magnetic field, only 30 mT, in a
helimagnetic single crystal of Ba2Mg2Fe12O22.153 They also achieved the periodical
switching of polarization with a controlling magnetic field. As shown in Figure 1.3-3,
Ba2Mg2Fe12O22 has a complex structure, which is ferrimagnetic below 553 K and a
proper screw spin structure with k0 along the c axis below 195 K. At the same time,
the material shows a spin reorientation transition to a longitudinal conical orientation
at about 50 K, which shows the spontaneous magnetization along the c axis. The fine
magnetic states can be well resolved through M-H measurement, with H on the xaxis in a base 10 logarithmic form. At 5 K, it is in the FE1 state with transverse
conical magnetic order, while B is from 0 to 60 mT, in the FE2 state with unknown
magnetic order from 60 mT to 0.12 T, in the FE3 state with non-collinear
ferrimagnetic order from 0.12 T to 3.8 T, and in the paraelectric (PE) state with
collinear ferrimagnetism above 3.8 T.
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nt in single crystal
c
Ba2M
Mg2Fe12O22. (A) the
Figure 1.33-3 Structure and spin aarrangemen
schematic crystal strructure withh alternativ
ve L (brow
wn) and S ((green) blocks; (B)
proper scrrew spin strructure at zzero field (ffrom 50-195 K); (C) llongitudinall conical
spin structture at zero field for T < 50 K; (D
D) slanted conical
c
spinn structure when
w
the
field is 30 mT below 195 K. 153
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Figure 1.33-4 (A) Mag
gnetoelectricc phase diag
gram in magnetic fieldd; (B) magnetization
versus maagnetic field
d curve at 5 K when the
t magnetiic field is ap
applied alon
ng [100],
(inset, maagnetization versus tem
mperature cu
urve along [001]); (C) polarization versus
magnetic field
f
at 5 K correspondding to M-H
H curve. Dasshed lines aare used to show
s
the
phase bouundary in (B
B) and (C). 1153
The four fine
f states can be clearlly seen from
m Figure 1.3
3-4(B). Otheerwise, polaarization
increases with increaasing magnnetic field up
u to 2T, bu
ut reaches a plateau when
w
the
magnetic field is fro
om 2 T to 10 T. Abov
ve 10 T, th
he polarizattion begins to drop
sharply. The
T magnetiic moment, however,is still increasing in a lar
arge field su
uch as 10
T, indicatting that the ferrimagnnetic order changes to
o ferromagnnetic order. In this
case, the polarization
p
n state is brooken. Durin
ng the process of increeasing the magnetic
m
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field, the magnetic moment value experiences four stages, which can match well
with the phase diagram in Figure 1.3-4(A).
The polarization is the integrated value of the spin current induced by external
magnetic field. Polarization reaches its maximum when the spin current experiences
a zero–zero process (always positive or negative). The spin current reaches its
maximum when magnetic field begins to be reversed. Therefore, the maximum value
of polarization arrives nearly simultaneously with the maximum value of magnetic
field. Similar work has been done in other systems.154-157 The electric control of
magnetic properties has not been achieved, but is worth to doing.
1.3.2.3 Thin films
Because the ME effect cannot be easily obtained in single phase bulk materials, it has
been proved that a more obvious ME effect could be observed on lowering the
dimensions from 3D to 2D. Only in materials with ME coupling can we achieve
electric control of spin. A break in time reversal and spatial symmetry can occur at
the interface of two different phases. Here, some results are listed according to their
different mechanisms of ME coupling.
1.3.2.3.1

Spin configuration or orbital reconstruction

A.A.F. Vaz et al. in Yale University found a large ME coupling in
Pb(Zr0.2Ti0.8)O3/La0.8Sr0.2MnO3 bilayer.158 Aided by near edge X-ray absorption
spectroscopy (as a function of P), they obtained the electronic valence state. The
change in valence induced by charge carrier modulation caused a temperature
independent shift of the Mn absorption edge, showing the electronic origin of the ME
effect.
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Figure 1.33-5 Electric,, transport, and magnettic behaviou
ur of the leaad zirconatee titanate
(PZT)/12 u.c.
u lanthan
num strontiuum manganiite oxide (L
LSMO) struccture. 158
The electrric and maagnetic behhaviour is displayed
d
in
i Figure 11.3-5. The peak in
resistivity is in accord
dance with the transitio
on between the metalliic and the in
nsulating
n the depleetion state, which
w
is
state. It iss clear that the saturateed moment is higher in
correlatedd with the ellectronic staate of the Mn.
M Their ressults show tthat the Mn
n valence
changes at
a two differrent polarizzation statess. The main
n finding is the energy shift by
+0.3 eV when
w
switch
hing from ddepletion to accumulatiion. To conf
nfirm the correlation
between Mn
M valence change andd charge carrrier modulaation induceed by switcching the
polarizatioon, X-ray absorption spectrosco
opy (XAS) was condducted at different
electric fiields with the
t same pphoton enerrgy value. A mimic lloop can bee found,
indicatingg the Mn valence
v
chaange contains the infformation oon the polaarization
switching.. The charg
ge induced moment change
c
estim
mated throuugh previous work
cannot be responsible for the acctual chang
gein momen
nt. Thereforre, they think there
must be some
s
other mechanism
m. A spin exchange
e
co
oupling moodel is prop
posed, as
presented in Figuree 1.3-6. S
Spin exchaange coup
pling is m
modified frrom the
ferromagnnetic (FM) depletion sstate to thee antiferrom
magnetic (A
AFM) accum
mulation
state.
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Figure 1.33-6 Schematic model of the spiin configurrations in L
LSMO at the
t PZT
interface for
f the deplletion and aaccumulatio
on states, sh
howing the changes in
n the Mn
and O orbital states an
nd the expeected changees in the maagnetic mom
ment per lay
yer. 158
Accordingg to the proposed schem
me and firsst-principless calculationns done preeviously,
the interfface layer in the acccumulation state conssists of strrongly depo
opulated
antibondinng, e.g., 3z2-r2, states, which deccrease the double-exch
d
hange interaaction at
these orbittals, and theen the antife
ferromagnetic order can
n form at thhe interface layer. In
this case, the changee in spin reeconfiguratiion can be used to exxplain the observed
o
m
valuue between the
t two polaarization staates.
large channge in the moment
So their results pave the way too control th
he spin by electric
e
fielld, due to magnetic
m
order recoonstruction caused
c
by ccharge accum
mulation.
1.3.2.3.2

Electric con
ntrol of exchaange bias

P. Yu et al.
a in Ramessh’s group rreported thaat orbital reconstructionn at the inteerface of
a BiFeO3-La
- 0.7Sr0.3MnO
M 3 heteroostructure is
i the origin
n of ferrom
magnetism in AFM
BiFeO3, which
w
coup
ples with the AFM lanthanum strontium manganesse oxide
(LSMO) and
a causes the onset oof exchangee bias, as proved
p
by tthe X-ray magnetic
m
circular diichroism (X
XMCD) of M
Mn and Fe L2,3 edges..159 The ressult is confirmed by
linearly poolarized X--ray absorpttion measu
uremens at the
t oxygenn K edge. Based
B
on
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this reportt, it has beccome possib
ible to control the exch
hange bias though an external
electric fieeld, which can
c adjust thhe orbital reeconstructio
on.
The red shhift of P2c at oxygen K
K-edges and the blue shift
s
of P1aa and P2a in Figure
1.3-7 conffirms the hy
ybridizationn between eg orbitals off Mn3+ and Fe3+, which
h affects
the XAS behaviour
b
of
o oxygen. A schemattic diagram of the posssible mechanism is
shown in Figure
F
1.3-8
8.

Figure 1.33-7 (a) Polaarization deependent ox
xygen K-ed
dge XAS sppectra at T = 10 K.
Temperatuure dependent polarizeed XAS sp
pectra with the polarizzation direcction inplane (b) and
a out-of-p
plane (c) foor the speciffied bondin
ng region off O 2p - Mn
n(Fe) 3d.
(d) Tempeerature depeendence of ppeak positio
ons of interfface orbitalss. 159
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Figure 1.33-8 (a) Scheematic diagrram of the interface
i
eleectronic orbbital reconstruction,
with hybbridization. (b) Propoosed interfface spin configurattion and coupling
c
mechanism
m with x2-y
- 2 orbital ordering in
n the interrfacial LSM
MO. (c) Scchematic
diagram of
o the origin of the interrface magneetism. 159
Based on this work, Ramesh’s ggroup condu
ucted anoth
her experim
ment: controlling the
exchange bias at thee BiFeO3 (B
BFO)/LSMO interfacee by externa
nal voltage pulse.160
Figure 1.33-9 presents the voltagge dependeence of the shear resisstance (Rs) and the
coercive field,
f
both showing
s
hyssteresis beh
haviour, meaning that a high voltaage such
as 60 V can
c induce two states instantly without
w
relax
xation. In th
this case, peeriodical
reversible control of the
t exchangge bias can be
b achieved
d, as shown in Figure 1.3-10.

B
mperature
Figure 1.3-9 Electric transpoort properties of BFO/LSMO
: (a) tem
g the temperrature rangee from 0
dependencce of shear resistance, with the insset showing
to 300 K; (b) magnettic field deppendence off normalized resistancee after -1 T and 1 T
cooling; (cc) hysteresis behaviourr of Rs vs.V
VG; (d) hysteeresis behavviour of Hc-V
VG. 160
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Figure 1.3-10 Periodical contrrol of the exchange bias field, HEB, with
h pulsed
voltage160.
1.3.2.3.3

Electric con
ntrol of FM m
mediated by exchange biaas effect

Early in 2008, Yiing Hao C
Chu and R. Ramesh used a Co0.9Fe0.11/BiFeO3
heterostruucture to ach
hieve electriic field con
ntrol of locaal ferromagnnetism baseed on the
exchange bias effeect.

161

Thhe polarization of BFO was characteriized by

piezorespoonse force microscopyy (PFM), ass shown in Figure 1.33-11. There are two
opposite polarization
ns, correspponding to polarization at 71°° and 109°°. After
depositingg LSMO, th
he XMCD − photoelectron emission microsccope (PEEM
M) image
identifies the ferromaagnetic dom
main, which
h is identicaal to in-planne projectio
on of the
polarizatioon. The con
ntrast suggeests that thee white strip
p is the upw
wards dom
main. The
blank onee is the left--oriented doomain, as confirmed
c
by
b rotation of the sample. The
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possible mechanism
m
is shown inn Figure 1.3
3-12, that th
he antiferroomagnetic vector
v
of
BFO is sttrongly coup
pled with thhe ferromag
gnetic vecto
or of LSMO
O. The direection of
the ferrom
magnetic veector can bbe changed via extern
nal electric field, as sh
hown in
Figure 1.3-13. Hencce, the diffferent pollarization directions
d
w
will determ
mine the
directions of the ferro
omagnetic vvector of LS
SMO via thee exchange bias effect.

Figure 1.33-11 (a) PFM
M image off BFO (red and green show oppossite polariazations),
(b) XMCD
D–PEEM image
i
of L
LSMO depo
osited on BFO,
B
(c) im
mages for different
incoming light directiions161.

Figure 1.33-12 Schem
matic diagraam showing
g mechanism of exchaange bias mediated
m
ME coupling in the LSMO/BFO
L
O system161.
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Figure 1.33-13 Reversible controol of main FM domaiin in LSMO
O film by external
electric fieeld applied on BFO161.
1.3.2.3.4

Tunnel juncctions

V. Garciaa et al. repo
orted that tthey preparred a tunnel junction w
with a ferroelectric
interlayer.. When the interlayer iss poled, therre are two possible
p
direections (up or down
in a directtion normall to the film
m plane). Th
he measured
d tunnellingg magnetoreesistance
(TMR) vaalues of thesse two diffeerent situations are quite differentt, indicating
g that the
interlayer plays a rolle in controolling the sp
pin current. This workk has furtherr proved
m
tun
nnel junctioon is an imp
portant stru
ucture, basedd on which
h, people
that the magnetic
can designn ferroelectrric random access mem
mory (RAM).162
Polarizatioons along different
d
dirrections can
n induce tw
wo different TMR. For the two
different junctions, siimilar TMR
R effects can
n be observ
ved despite the differen
nt values
presented in Figure 1.3-14. Thhe variation
n of resistaance for diffferent polaarization
directions is due to piezoelectriic related tunnelling
t
electroresist
e
tance (TER
R) effect.
The sensittivity of eleectric field ccontrolled TMR
T
can bee defined byy the term TEMR
T
=
(TMRVP+ – TMRVP–)/TMR
)
which is ab
bout 450% for junctionn #1 and 140% for
VP–, w
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junction #2.
# More importantlyy, the TM
MR can be reversed w
when appllying an
alternativee electric fieeld, as show
wn in Figuree 1.3-15.

Figure 1.33-14 Resistaances and T
TMR in fiellds of 2 junctions for tuunnel juncttion with
ferroelectrric interlayeer 162.

Figure 1.33-15 Reversible controll of TMR in
n external electric fieldd and magneetic field
162

. BTO is
i bismuth tiitanium oxiide.

1.4

My motivation
n and projeects for thiss thesis worrk
d
beehavior in DyMn1a) Structure, magnetic, heat capaccity, and dielectric

xFexO3
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DyMnO3 possesses an incommensurate antiferromagnetic ordering at low
temperature due to the magnetic interaction competition, which can also be regards
as a frustrated magnetic state. This special ordering produces a ferroelectric ordering
according to the spin current model. To study the magnetic competition behavior, we
replace the Mn3+ by partial Fe3+, considering that Fe3+ has 5 electrons on its 3d
orbital while Mn3+ only has 4 electrons on that orbital. This work will help in
understanding the stability of spiral ordering and provide experimental evidence to
demonstrate the possibility of modifying the magnetic ordering in the frustrated state.
b) Structure and magnetic properties in Nd1-xErxMnO3
The rare earth manganese oxides have interesting physics, such as the orbital
ordering in LaMnO3. As mentioned above, DyMnO3 shows multiferroic properties.
The different physical behavior is strongly dependent on the rare earth element. In
this work, we chose to study the Er3+ doping effect on the magnetic behavior in
NdMnO3, considering that both Er3+ and Nd3+ are magnetic ions. This study will help
in understanding the interaction between magnetic rare earth ions and transition
metal ions, and the competition between two different magnetic rare earth ions.
c) Heat capacity in Nd1-xErxMnO3
This work is based on a thermodynamic study. The heat capacity can reveal the low
temperature behavior, such as an anomaly in the magnetic entropy and the ground
state splitting of rare earth ions. Combined with the result from b), we can explain
the competition between the crystal field (dependent on structure) and the exchange
field (dependent on the magnetic interaction).
d) Exchange bias in NdMnO3 and Pr0.5Y0.5Mn2Ge2
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The exchange bias effect is usually observed in bilayer systems. For bulk materials,
the exchange bias effect has not been investigated widely. In this work, we have
studied the simple perovskite NdMnO3 and the magnetocaloric Pr0.5Y0.5Mn2Ge2 alloy.
The exchange bias field in NdMnO3 can reach -2400 Oe and 1800 Oe in various
cooling fields. This work will help in exploring more single phase materials with an
exchange bias effect. This foreshadows the possibility of a room temperature
exchange bias effect in other similar or different alloys.
e) Interface structure and ferroelectricity in SmFeO3 thin film
Artificial stress engineering can modify the physical behavior in bulk materials. It is
also possible to achieve a relatively strong ferroelectric state in some nonferroelectric
or weak ferroelectric materials. In this work, we intended to confirm this assumption
and study epitaxial SmFeO3 on Nd-SrTiO3 substrate based on structure
characterization and electric/magnetic measurements.

This work will stimulate

interest in interface ferroelectric behavior.
1.5
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2 THE STRUCTURAL AND MAGNETIC PROPERTIES IN DYMN1-XFEXO3
2.1

Fe doping induced Jahn-Teller orbital ordering instability in DyMn1xFexO3

2.1.1

at room temperature

Abstract

The perovskite DyMn1-xFexO3 system was studied by detailed structural analysis
based on X-ray diffraction pattern refinement and Raman spectroscopy at room
temperature. The lattice parameters show that static orbital ordering exists in the
samples with x ≤ 0.2, while phonon modes of Raman spectra show clear hardening
or softening and are strongly dependent on Fe content. Abnormal changes in these
phonon modes are observed at x ≈ 0.3, corresponding to the appearance of dynamic
orbital ordering instead of static orbital ordering. When x is bigger than 0.5, strong
softening of several phonon modes can be identified, indicating the collapse of the
dynamic orbital ordering. The FWHM change around x = 0.6 shows that strong
disorder vibration exists when dynamic orbital ordering disappears.
2.1.2

Introduction

Perovskite rare earth titanates, vanadates, and manganites with the ABO3 structure
are of great interest because of their complex magnetic phase transitions and unique
properties.1-5 In some ABO3 perovskite materials, Jahn-Teller distortion of octahedral
BO6 plays an important role, which may determine the magnetic ordering types
and/or affect the magnetic transition temperatures. LaTiO3 experiences an
antiferromagnetic transition at around 146 K because of an α < 90° O-Ti-O site
distortion, while YTiO3 experiences an ferromagnetic transition around 30 K because
of an α = 90° O-Ti-O site distortion5, 6. In the Y1-xLaxVO3 system7, La doping can
72

cause changes in the ionic radius on the A site, which consequently induces change
in the VO6 distortion, the antiferromagnetic magnetic transition temperature (TN),
and the orbital ordering temperature (TOO). In the region of 0 ≤ x ≤ 0.18, both TOO
and TN decrease as the La doping content increases. When x is bigger than 0.2, TN
suddenly increases, and the increase continues until x = 1, but no obvious orbital
ordering could be observed. A heat capacity study of samples with x = 0.40, 0.738,
and 0.858 has shown that the magnetic transition temperature becomes difficult to
exactly identify because of significant fluctuation around the transition, which could
originate from the competition and/or coupling between short-range orbital ordering
and spin ordering. LaMnO3 is the parent material of a family in which the giant
magnetoresistance effect can be observed after doping with alkali metal ions. It
experiences an orbital ordering transition at 780 K and an A-type antiferromagnetic
transition at 140 K, as confirmed by resonant X-ray scattering.8 The orbital ordering
will become unstable and even disappear under pressure, which favours stronger
ferromagnetic interaction, and LaMnO3 undergoes a transition from its original
insulating state to the metallic state.9 Hence, the study of orbital ordering will help us
to understand the mechanisms behind the complex magnetic states found in these
ABO3 perovskites. 10
Multiferroic manganites have been intensively studied recently due to their potential
application in memory devices. This kind of material includes TbMnO3, GdMnO3,
DyMnO3, YMnO3, and HoMnO3.11-13 In terms of the study and modification of
multiferroic properties, there are a few studies on doping effects on magnetic and
ferroelectric properties in some of these manganites, such as Eu1-xYxMnO314 and
DyMn1-xFexO315,

16

. Although their magnetic properties have been investigated

systematically and it is expected that Jahn-Teller distortion plays an important role
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when the magnetic state changes, knowledge of the structure is still insufficient to
establish a close relationship with the magnetic properties. Therefore, in this work,
we report Fe doping induced Jahn-Teller orbital ordering instability in the DyMn1xFexO3

system, based on X-ray diffraction and Raman spectroscopy, which shows the

detailed changes in bond lengths, bond angles, and vibration modes as Fe doping
content varies. This work will present a clear picture to show how the structure
changes after doping and will help us to understand the consequent changes in the
magnetic properties.
2.1.3

Experimental

Polycrystalline samples of DyMn1-xFexO3 (x = 0, 0.2, 0.33, 0.5, 0.6, 0.67, 0.8, 0.9,
and 1.0) were made by the traditional solid state reaction method from Dy2O3
(99.9%), MnCO3 (99.9%), and Fe2O3 (99.9%) powder bought from Sigma-Aldrich.
Stoichiometric amounts of raw oxide powder were weighed carefully and mixed in
an agate mortar, followed by pressing into pellets 15 mm in diameter at 20 MPa.
Samples were calcined at 950 °C for 10 hours and sintered at 1440 °C for 6 hours.
The crystal structures of the samples were examined by X-ray diffraction (XRD,
model: GBC MMA), using Cu Kα radiation at λ = 1.54056 Å. The Rietveld
refinement calculations were conducted via FULLPROF software. Raman scattering
measurements were performed with a Raman spectrometer (HR320; HORIBA Jobin
Yvon, He-Ne laser 632.8 nm) at room temperature from 200 to 800 cm−1. Origin
software was employed to fit the Raman spectra with a Voigt profile.
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2.1.4

Results and Discussion
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Figure 2.1-1 (a) XRD refinement calculation results on DyMnO3 with χ2 = 1.7 (star
symbols: experimental data, and solid red line: fitted curve, using Rietveld structural
refinement, respectively.) The mismatch between the measured and Rietveld refined
spectra is plotted with a slight downshift for clarity. The short vertical solid lines are
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guides for the eyes to mark the corresponding Bragg positions. (b) Lattice parameter
dependence on Fe content of DyMn1-xFexO3 samples.
The results of structural characterization of the representative sample with x = 0 by
XRD are presented in Figure 2.1-1(a). We employed Rietveld analysis to refine the
diffraction patterns. All XRD patterns of the samples, regardless of doping level, can
be assigned to the single phase orthorhombic structure with space group Pbnm, and
no detectable impurity phase is present. The lattice parameter dependence on the Fe
content, derived from the Rietveld refinement, is shown in Figure 2.1-1 (b). Good
linear relationships in the Fe content dependence of the three lattice parameters can
be observed when x is no more than 0.5, but the lattice parameters fluctuate slightly
when x exceeds 0.5. With increasing Fe content, the b-axis parameter of the unit cell
becomes monotonically shorter, the c-axis parameter becomes longer in a linear way,
and the a-axis parameter only increases slightly. Consistent with our previous
work15, the relation b > a > c/√2 is found in samples with x < 0.33, showing a static
Jahn-Teller (JT) distortion (cooperative antiferroic JT orbital ordering) superimposed
on the high temperature O-type (i.e., not JT distorted) orthorhombic structure14, 17.
With x > 0.33, a < c/√2 is found. According to the reported work, the static orbital
ordering is expected to be absent and replaced by weaker and weaker dynamic orbital
ordering when x varies from 0.33 to 0.5, and the orbital ordering probably disappears
in samples with x > 0.5.
However, the Fe content dependence of the lattice parameters can only show the
total change in the crystal structure. To determine what happens in the internal
structure, we obtained the bond information based on the results from the refinement.
The Fe content dependence of average Mn/Fe-O bonding distances and the Mn/Fe76

O-Mn/Fe angles both interplane and in-plane are given in Figure 2.1-2(a) and (b),
respectively.
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Figure 2.1-2 Fe content dependence of Mn/Fe-O bond distances and Mn/Fe-O-Mn/Fe
bond angles: interplane (a) and in-plane (b).
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Bond distances and bond angles don’t show monotonic change when the Fe content
varies. On the contrary, there are three obvious transitions. The first transition is
around x = 0.28, the second is around x = 0.55, and the third is around x = 0.75.
From the interplane bond information that is shown in Figure 2.1-2(a), the Mn/Fe-O
bond distance decreases slightly when x is 0.1, and then increases until x = 0.5.
When x is higher than 0.5, the bond distance decreases again until x = 0.75, after
which the bond distance increases. Meanwhile, the Mn/Fe-O-Mn/Fe bond angles
show an opposite trend to that of the Mn/Fe-O bond distance.
On the other hand, as presented in Figure 2.1-2(b), the trend in the bond distances
and bond angles in-plane is different from those interplane. In a single octahedral
MO6 unit, the two Mn/Fe-O bond distances are asymmetric in the ab-plane, and they
show opposite dependence trends on the Fe content. The three transitions can still be
observed at the same doping rates. Considering the average distance, it first
decreases until x = 0.5, and then increases until x = 0.75, after which it decreases
again. The bond angles show an opposite trend to that of the average bond distance,
which is similar to the interplane case.
The transition at x = 0.28 suggests the occurrence of dynamic orbital ordering instead
of the previous static orbital ordering. The significant change around x = 0.5
represents the disappearance of dynamic orbital ordering. This is consistent with the
results from lattice parameter comparison. In the region between x = 0.5 and x =
0.75, the structure seems to be somewhat unstable or is in a state with relatively high
disorder. The relative changes in the interplane and in-plane bond distances and bond
angles also precede the change in the antiferromagnetic interaction when x increases.
According to our previous work, TN increases as x increases. In this case, the
enhanced

in-plane

antiferromagnetic

interaction
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dominates

the

interplane

antiferromagnetic interaction except in the region of 0.5 < x < 0.75. For the case of
0.5 < x < 0.75, the interplane antiferromagnetic interaction is enhanced with
increasing x and dominates the relatively reduced in-plane antiferromagnetic
interaction.
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Figure 2.1-3 (a) Raman spectra of representative DyMn1-xFexO3 samples measured at
room temperature, (b) the typical result of fitting DyMn0.67Fe0.33O3 with a Voigt
profile.
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To better characterize the dynamic distortion and orbital ordering instability, Raman
spectroscopy was employed at room temperature. The Raman spectra of the asgrown samples are presented in Figure 2.1-3(a).
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Figure 2.1-4 Fe content dependence of the typical vibration modes (a) and their
FWHMs (b).
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Clear Raman shifts can be observed in several vibration modes, but they seem not to
shift linearly against the Fe content. The Raman spectra were fitted by Voigt profiles
with reasonable peak numbers. A representative fitting result for x = 0.2 is given in
Figure 2.1-3(b), in which the good coverage of the experimental data suggests a very
high quality of fitting. The typical vibration modes were assigned according to
previous Raman studies on DyMnO3, DyFeO3, and other rare earth manganites or
ferrites.18-21
Figure 2.1-4 (a) shows selected characteristic Raman vibration modes from the
fitting results, while Figure 2.1-4 (b) presents the full width at half maximum
(FWHM) of the B2g(1), Ag(1), and B1g(3) modes. B2g(1) and Ag(1) represent in-phase
stretching in the ab-plane, which is dominated by the Mn/Fe-O interaction in-plane.
The Ag(3), B1g(3) and B2g(3) modes are an out-of-phase bending mode, the out-ofphase c-rotation mode, and another out-of-phase bending mode (opposite to Ag(3)),
respectively. All of these modes become harder and harder when the Fe content
increases until x = 0.5. However, there is an increasing rate of change of these modes
between x = 0.2 and x = 0.33, which suggests the occurrence of dynamic orbital
ordering instead of static orbital ordering. Above x = 0.5, a significant increase is
found in the B2g(1) mode, and an obvious decrease is found in the other four modes.
This anomaly suggests the disappearance of the dynamic orbital ordering, in line
with the results based on the analysis of interplane and in-plane bond distances and
bond angles. On the other hand, another vibration mode is assigned to the B2g mixed
mode, which shows decreasing dependence on Fe content until x = 0.5. At the same
time, it shows a relatively obvious jump between x = 0.2 and x = 0.33, opposite to
the trend in the other five modes presented in Figure 2.1-4(a). The change in the B2g
mixed mode further confirms the Fe doping induced orbital ordering instability. A
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similar unstable or transition region can also be found at 0.5 < x < 0.75, in and after
which, the change trends of all modes become discontinuous. The FWHM values of
three selected modes are shown in Figure 2.1-4(b) and provide additional evidence to
show the changes mentioned above. Around x = 0.28, the Fe content dependence of
the FWHM changes suddenly, indicative of the occurrence of dynamic orbital
ordering instead of the previous static orbital ordering. At x = 0.6, the average
FWHM reaches its maximum, suggesting a highly disordered state or an intermediate
state.
Therefore, combining studies of the lattice parameters, bond distances, bond angles,
and vibration modes can give a clear picture to show what happens after Fe doping in
this system, which will help us to understand the magnetic interactions and the
magnetic phase transition.
2.1.5

Conclusion

The structure of polycrystalline DyMn1-xFexO3 samples has been systematically
investigated by X-ray diffraction and Raman spectroscopy at room temperature.
Rietveld refinement indicates that all samples are single phase with Pbnm symmetry.
By comparing the lattice parameters, static orbital ordering is expected to exist in
samples with x < ~0.28, which will be replaced by dynamic orbital ordering when
the Fe content is in the range of ~0.28 to ~0.55. Above x = 0.55, the dynamic orbital
ordering will disappear. The results obtained from the analysis based on internal
bond relationships are well consistent with those from the Raman vibration modes.
Three transition regions can be found, which confirms the results from the lattice
parameter comparison. According to the bond information, the in-plane
antiferromagnetic interaction dominates the interplane antiferromagnetic interaction
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over the whole doping range, except for the region of 0.55 < x < 0.75, in which the
interplane antiferromagnetic interaction dominates. The FWHM at x = 0.6 reaches its
maximum, indicative of a state with relatively high disorder or an intermediate state.
This work presents a clear picture of the Jahn-Teller orbital ordering instability after
Fe doping and its effect on magnetic properties.
2.1.6
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2.2
2.2.1

Spin reorientation, and magnetic competition in the DyMn1-xFexO3 system
Abstract

Long-range cooperative Jahn-Teller orbital ordering exists, according to the lattice
parameter relation, but becomes progressively less stable as x increases from 0 to
0.5. At the composition x > 0.5, Jahn-Teller orbital ordering starts to disappear, and
spin reorientation starts to appear, which is confirmed by the temperature
dependence of the magnetic moment. For the samples with x < 0.5, the
antiferromagnetic transition temperature increases as x increases, as indentified by
the temperature dependence of modified dχ/dT. For samples with x > 0.5, the spin
reorientation temperature (Tr) and the antiferromagnetic Néel temperature (TN)
gradually separate and widen the temperature range of the magnetic metastable state
between Tr and TN, reaching Tr = 65 K and TN = 680 K for x = 1. The change of the
antiferromagnetic transition temperature is due to the stronger antiferromagnetic
interaction induced by Fe3+ ion substitution, with its eg orbital half-occupied, for the
Mn3+ ion, with its eg orbital quarter-occupied. The spin reorientation is modified by
the competition between the Fe3+-Fe3+ interaction and the Dy3+-Fe3+ interaction.
2.2.2

Introduction

Multiferroic materials are potential functional materials for future spintronic
application.1, 2 A great amount of work has been done to explore mutual control of
the electric and magnetic degrees of freedoms, the so-called magnetoelectric (ME)
coupling.3-5 Meanwhile, the abundant phase transitions that occur in some
multiferroic systems have inspired great interest6, 7. The dielectric property changes
around the magnetic phase transition can offer a way to achieve magnetodielectric
coupling. One can modify the magnetic transition and the dielectric property by an
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external magnetic field.8-11 Magnetic competition in some rare earth manganites,
such as orthorhombic TbMnO37 and GdMnO37, as well as DyMnO37,

12, 13

, could

induce magnetic frustration and complex spin states. Cross-coupling between
ferroelectricity and magnetism can be realized in these manganites because of the
broken spatial inversion and time-reversal symmetries.14 DyMnO3 experiences its
antiferromagnetic (AFM) transition at ~39 K. When temperature is between 39 K
and 18 K, Mn3+ spins are expected to firstly order along b axis in an incommensurate
magnetic (ICM) sinusoidal arrangement. Below 18 K, an additional component of
the Mn3+ magnetic moment along c axis gives rise to a spiral magnetic ordering and
breaks the inversion symmetry, leading to the observation of Ps reflection along c
axis.

7, 13

Exchange striction working between Mn3+ ions is probably responsible for

this spin configuration change. Dy3+ itself orders antiferromagnetically around 6.5
K.15
In rare earth orthoferrites and some ferromagnetic films, a special magnetic phase
transition occurs, called spin reorientation. During this process, the easy axis of
magnetism varies from one direction to another without any obvious structural
change. A representative example of this kind of material is DyFeO38, 16, 17. DyFeO3
is a typical orthoferrite and shows weak ferromagnetism below its antiferromagnetic
transition temperature. In addition, it is the only rare-earth orthoferrite to show Morin
transition, where the Fe3+ system spins in single crystal reorient from Γ4
(antiferromagnetic configuration along a axis with weak ferromagnetic component
along c axis) to Γ1 (simple un-canted antiferromagnetism along b axis) around 35
K.18 The spin reorientation is decided by several factors, and Fe3+-Fe3+ interaction
combined with magnetic anisotropy plays an important role. Much more interesting,
Y. Tokunaga and Y. Tokura et al. found that magnetic field along c axis of DyFeO3
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single crystal (Pbnm) can induce a gigantic ME effect19. In addition, A. V. Kimel et
al. reported that they had achieved spin reorientation in TmFeO3 via ultra-short laser
pulses.20 Rare earth orthoferrites have strong temperature-dependant anisotropy.
Optical excitation can cause electron-phonon relaxation and phonon-phonon
interaction to occur, which then changes the anisotropy axis in subpicosecond. This
kind of magnetic phase control may be a good technique to produce optical switches
and magnetic sensors. Spin reorientation can also occur in other systems, such as
epitaxial La0.5Sr0.5CoO3 films21 and CoFe2O4 films22. Considering the possible
control of magnetic anisotropy by lattice strain, these film and bulk systems are
possible choices to achieve ME coupling by external magnetic and electric fields,
when they are combined with ferroelectric materials.
At present, spintronic application has to meet many challenges, and one may be
finding strong ME coupling at room temperature in multiferroic materials. The core
of this challenge is modification of magnetic and electric polarization phases.
Therefore, phase transition research becomes extremely important and can give us
theoretical and experimental guidance in the search for multiferroic materials and in
achieving practical applications. There are two prospective ways, which should be
considered first, to obtain the phases demanded for ME coupling. One is to force spin
arrangements frustrated by doping, especially spiral spins. Electric polarization can
be achieved through inverse Dzyaloshinsky-Moriya (DM) interaction in spiral spin
materials.23 The other is to control interfacial ME coupling in film systems in certain
temperature ranges. No matter which method we use, phase transitions should be
studied urgently. In this paper, we study systematically the spin reorientation and
antiferromagnetic transition in the distorted perovskite DyMn1-xFexO3 system and
illustrate how the interactions among rare earth ions and transition metal ions affect
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these transitions. The results show something of interest and suggest a possible way
to achieve ME coupling and modify multiferroic properties in this type of material.
2.2.3

Experimental

Polycrystalline samples of DyMn1-xFexO3 (x = 0, 0.2, 0.33, 0.5, 0.6, 0.67, 0.8, 0.95,
and 1.0) were made by the solid state reaction method. Stoichiometric amounts of
raw oxide powder were weighed carefully and mixed in an agate mortar, followed by
pressing into pellets 15 mm in diameter at 20 MPa. Samples were calcined at 950 °C
for 10 hours and sintered at 1440 °C for 6 hours. The crystal structures of the
samples were examined by x-ray diffraction (XRD, model: GBC MMA) at room
temperature. The magnetic measurements and the heat capacity were carried out
using a 14 T physical properties measurement system (PPMS).
2.2.4

Results and Discussion

Figure 2.2-1 (a) shows the typical results of Rietveld structural refinement of
DyMn0.8Fe0.2O3 with Rp value of 8.9%. All diffraction patterns can be assigned to the
single phase orthorhombic structure with space group Pbnm. The Fe content
dependence of average Mn/Fe-O bonding distances and Mn/Fe-O-Mn/Fe angles
within ab-plane are given in the inset. There are two transitions at x=0.5 and x=0.67,
may suggesting two magnetic transitions. The lattice parameter dependence on the
Fe content is shown in Figure 2.2-1 (b). With increasing x, both a axis and c axis
become longer monotonously while b axis decreases linearly but shows weak
fluctuation above x=0.5.
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D refinemeent calculatiion results on DyMn0..8Fe0.2O3 wiith Rp =
Figure 2.22-1 (a) XRD
8.9% (starr symbols, experiment
e
data; solid line, fitting data; shortt vertical sollid lines,
Bragg possitions; flucttuation linee at bottom, difference)). Inset: Fe ccontent dep
pendence
of Mn/Fee-O-Mn/Fe angles andd Mn/Fe-O
O distances within abb-plane. (b)) Lattice
parameterr dependencce on Fe conntent.
The meassurement off the field and zero-ffield cooling (FC andd ZFC) tem
mperature
dependencce of the magnetic
m
mooment was carried
c
out for samplees with 0 ≤ x ≤ 0.5.
The resultts are presen
nted in Figuure 2.2-2. DyMnO3 sho
ows a typicaal paramagn
netic-like
state overr the whole temperaturre range, ass seen in Fiigure 2.2-2((a). It was reported
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that DyMnO3 changes to an AFM state around 39 K.7, 13 Because of the strongly
paramagnetic Dy3+, the transition from PM state to AFM state is masked. However,
the heat capacity measurement confirmed this magnetic phase transition and Dy3+
ordering around 6.5 K, shown in Figure 2.2-3).
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Figure 2.2-2 (a) ZFC and FC M-T curves of DyMnO3. Inset: Temperature
dependence of normalized dχ/dT for x≤0.5. (b) / (c) temperature dependence of
magnetic moment at low/high temperature range for 0.5<x≤1. (d) The Fe content
dependence of the Néel temperatures (TN) and spin reorientation temperatures (Tr).
Speculated magnetic states are presented.

91

Cp/T (J/mole-K/K)

0.7
0.6
0.5
0.4
0

10

20

30

40

50

60

Temperature (K)

Figure 2.2-3 Heat capacity property of DyMnO3 measured from 2K to 55K, showing
two abnormalities around 6.5K and 39K, respectively.
When the Fe content increases, the ZFC and FC curves separate from each other at
higher temperature, suggesting a possible magnetic phase transition, shown in Figure
2.2-4. To remove the Dy3+ moment contribution and determine the exact phase
transition temperature, we plot the normalized dχ/dT-T curves (shifted by proper
interval), as shown in the inset of Figure 2.2-4(a). Clear peaks can be observed and
the magnetic phase transition temperature increases when the Fe content increases.
Low temperature and high temperature FC magnetic properties for samples with 0.5
< x ≤ 1 were measured on heating in a field of 1000 Oe, as shown in Figure 2.2-4(b)
and (c), respectively. There are two transitions which correspond to the sudden
change of magnetic moment.
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Figure 2.22-4 (a-c) ZFC and FC
C temperatu
ure dependeence of maagnetic mom
ment for
samples with
w x=0.2, 0.33and
0
0.55, respectiveely.
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Figure 2.22-5 Curie-W
Weiss law fittting of DyM
Mn1-xFexO3, x =0.6 to 11.0.
The spin state
s
of Fe3++ and Mn3+ can be obttained by Cu
urie Weiss Law fitting
g and the
results aree presented in Figure 22.2-5. For th
he rare earth
h metal ion Dy3+, its maximum
m
effective moment
m
is 9.9µ
9 B/atom found in th
he oxide staate. Fitting rresults show
w that all
values of the Dy3+ efffective mooment are ab
bove 9.5µB/atom,
/
if Fee3+ and Mn
n3+ are in
high spin state (Fe3+: S=5/2, 5.99µB/atom and Mn3+: S=
=2, 4.9µB/atoom), indicaating that
Fe3+ and M
Mn3+ must always be in high spin state no matter
m
whatt the Fe con
ntent. In
addition, all Curie Weiss
W
Law
w fittings give
g
negativ
ve Curie-W
Weiss temperatures.
Negative Curie Weisss temperatuures indicatte that the transitions
t
aat high tem
mperature
94
4

range are AFM transitions. The high spin states of Mn3+ and Fe3+ further confirm that
they are AFM transitions rather than ferromagnetic (FM) transitions. The increasing
moment below this transition indicates that the AFM states are not pure but with
weak ferromagnetic (WFM) component. The existence of FM clusters can be easily
excluded because the magnetic hysteresis loop measured at 5K shows typical
PM/AFM behaviour presented in Figure 2.2-6(b). Hence, the high temperature
transitions are transitions from PM states to canted AFM states. The sudden decrease
of magnetic moment at low temperature in Figure 2.2-2(b) should be the result of
disappearance of WFM component. Hence, the transition at low temperature range is
assigned to spin reorientation from canted AFM state to collinear AFM state. The
spin reorientation temperature shifts to lower temperature with increasing Fe content
while TN increases. The Fe content dependence of all transition temperatures is
presented in Figure 2.2-2(d). Hence, the two transitions of bonding distances and
angles within ab-plane just reflect the Fe doping induced magnetic transitions from
paramagnetic state (0≤x≤0.5) to collinear antiferromagnetic state (x=0.6) to canted
antiferromagnetic state (0.67≤x≤1) at room temperature.
In distorted perovskite ABO3 type compounds with orthorhombic structure, such as
LaMnO324 and YbMnO325, the cooperative rotation of corner-sharing BO6 octahedra
can bias the cooperative Jahn-Teller orbital ordering. In-plane magnetic interaction
of BO6 octahedra is decided by the competition between the FM interaction of eg
electrons (σ-bond component) and the AFM interaction of t2g electrons (π-bond
component). The interplane magnetic interaction can be divided into two major parts,
according to the different contributions from electrons in different 3d sub-orbitals.
One is the AFM interaction between half-filled t2g orbitals of transition metal B ions
via O2- ions. The other is the AFM and FM competition interaction among eg orbitals
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(e.g., 3z2-r2 and x2-y2). Generally, the interplane AFM interaction of t2g plays a
dominating role, resulting in an AFM spin configuration along c axis. For LaMnO3,
there is A-type antiferromagnetic order due to the dominating FM interaction of eg
in-plane.24

Here,

DyMnO3

shows

an

incommensurate

antiferromagnetic

configuration with a wave number of 0.72 at TN7, 13. Our experiment shows that the
AFM transition temperatures of DyMn1-xFexO3 are modified by Fe doping, which
stems from subtle structural change. For DyMnO3 and low Fe doping samples with
x≤0.2, a relation b > a > c/√2 is found, suggesting a static Jahn-Teller orbital
ordering. Therefore, for x≤0.5, the Fe doping can affect the magnetic exchange
interaction in the following way: because eg orbital of Fe3+ ion is half occupied and
that of Mn3+ ion is quarter occupied, such an occupied electronic state enhances the
AFM exchange interaction of the whole system, both in-plane and interplane,
according to the Hund rule. In addition, Fe doping also promotes the increase in c/√2
relative to a, the orbital ordering becomes less stable, and stronger AFM interaction
of eg2-O-eg2 (Fe-O-Fe) emerges. The increasing Mn/Fe-O-Mn/Fe angles within abplane confirm the enhancement of AFM interaction according to the GoodenoughKanamori (GK) rule26-28. For x > 0.5, the magnetic interaction should be considered
in a quite different way. Similar to Yb(Mn1-xFex)O325, despite the disappearance of
the static Jahn-Teller distortion and long range orbital order, the dynamic Jahn-Teller
site transformation still remains. The AFM interaction totally overwhelms the weak
FM interaction of electrons in the Mn3+ eg orbital and favours the G-type spin
configuration. Moreover, this AFM interaction becomes much stronger in samples
with higher Fe doping level so that TN shifts significantly. In G-type
antiferromagnetic order, a weak FM component could be induced along c axis
because of Dzyaloshinsky-Moriya (DM) interaction, if spins are normal to b axis in
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ab-plane25. This is in accordance with the observed weak FM transition in our
experiment.
As for spin reorientation, there are a few factors that affect this transition: magnetic
anisotropy, single ion anisotropy, the DM interaction, and exchange interaction. In
our case, Dy3+ - Fe3+ /Mn3+ ion exchange interaction seems to play an important role.
In a pure DyFeO3 sample, the spin reorientation takes place at a relatively low
temperature, ~65K (Tr), when the strong Dy3+-Fe3+ interaction dominates the Fe3+Fe3+ interaction along one axis over other axis. For samples with lower Fe content,
the Fe3+-Fe3+ interaction in the whole system becomes weaker because of Mn3+
substitution. Hence, even at higher temperature, the Dy3+-Fe3+ interaction can
overwhelm thermal disturbance and the Fe3+-Fe3+ interaction, forcing spin
reorientation to occur.
The M-H loops at 5 K of all samples are plotted in Figure 2.2-6. For x ≤ 0.5, M-H
loops are shown in Figure 2.2-6(a) individually and the saturation magnetic moments
are nearly the same, but obvious remnant moments can be observed except DyMnO3.
Remnant moments decrease when x increases. DyMnO3 is neither the standard PM
loop nor an AFM loop which should be attributed to the spiral magnetic
configuration below 20 K.7 This indicates that Fe doping not only enhances
antiferromagnetic interaction, but also induces stronger or weaker spin frustration
compared with non-doped spiral DyMnO3, especially at low doping rates. The local
DM interaction among these frustrated spins may be responsible for the weak
ferromagnetic component at low temperature. For x > 0.5, it is clear that the
saturation magnetic moments increase when x increases and there are no remnant
moments, shown in Figure 2.2-6(b), meaning that it is collinear antiferromagnetism
after spin reorientation.
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Figure 2.22-6 (Colour online) Maagnetic hyssteresis loop
ps at 5 K frrom -5 T to
o 5 T for
samples with
w (a) x≤0.5 and (b) 00.5<x≤1.
2.2.5 Coonclusion
In summaary, we hav
ve studied ppolycrystalliine perovsk
kite DyMn1--xFexO3 sam
mples by
means of structural and magneetic measureements. In samples w
with x ≤ 0.2
2, strong
Jahn-Telleer distortion
n favours s tatic orbital orderings, which beccome less stable
s
in
samples with
w x≤0.5 and
a probablyy disappearrs in samplees with x>00.5, accordin
ng to the
analysis of
o structure and magnnetic properrty. Becausee of the inntroduction of Fe3+,
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which is half-occupied in eg orbital, the AFM transition temperatures become very
sensitive to Fe content and shift to higher temperatures from 39 K to 680 K. When x
exceeds 0.5, spin reorientations take place at certain temperatures which show an
opposite shifting tendency to TN.
2.2.6
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3 DIELECTRIC PROPERTY STUDY IN DYMN1-XFEXO3 SYSTEM
3.1
3.1.1

Dielectric Relaxation in the DyMn1-xFexO3 System
Abstract

The dielectric constant and loss of perovskite DyMn1-xFexO3 samples show strong
dispersion in various frequencies, which is indicative of relaxation. The activation
energies were obtained through Arrhenius law fitting and range from 0.213 eV to
0.385 eV. The Fe content dependence of the characteristic frequency f0 and the
activation energy Eα shows two transitions which are well consistent with the change
in orbital ordering. Meanwhile, different magnetic orderings could affect the
relaxation and induce the change in Eα.
3.1.2

Introduction

The giant magnetoresistance effect has aroused great interest in physics during the
past several years and has been widely used in electronic memory storage1, 2. The
next generation memory and computation devices are expected to be based on
multiferroic materials, in which the spin degree of freedom can be controlled apart
from the charge degree of freedom3-6. A great amount of work has been done to
explore mutual control of these two degrees of freedoms, the so-called
magnetoelectric (ME) coupling7-9. On the other hand, the dielectric property changes
around the magnetic phase transition can offer a way to achieve magnetodielectric
coupling,10-13 which also provides an alternative way to achieve more operation of
degrees of freedoms. Magnetic field induced dielectric constant changes are observed
in metastable orthorhombic HoMnO3 and YMnO3 below their incommensurate
antiferromagnetic (AFM) transition temperature of 42 K14. To achieve real
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applications based on spin related dielectric properties, it seems to be necessary to
study their frequency and temperature dependence. Recently, dielectric relaxation
was studied in La2MgMnO615 and La2NiMnO616, 17 with double perovskite structure.
However, up to now, there have been few systematic studies on dielectric relaxation
in a magnetic system, and there are few reports on the relation between dielectric
relaxation and subtle structural change and magnetic ordering. In the multiferroic
DyMn1-xFexO3 system, there is continuous structural and magnetic evolution.18 The
static Jahn-Teller orbital ordering becomes unstable and is replaced by dynamic
orbital ordering as x increases from 0 to 0.5, while the collinear AFM transition
temperature shifts to higher temperature. Orbital ordering disappears in the samples
with x > 0.5, and the samples show canted AFM ordering and experience spin
reorientation from canted AFM to collinear AFM at relatively low temperature.
Hence, this is a good magnetic system for spin and structure related dielectric study.
In this letter, we report the dielectric relaxation in the DyMn1-xFexO3 system at low
temperature over a wide frequency range. There are two transitions of x dependent
activation energies, which are found to be consistent with the transitions of orbital
ordering, and magnetic ordering as well. This indicates that there are probably strong
correlations between dielectric relaxation, and structural and magnetic properties.
3.1.3

Experimental

Polycrystalline samples of DyMn1-xFexO3 (x = 0, 0.1, 0.2, 0.33, 0.5, 0.6, 0.67, 0.9)
were made by the traditional solid state reaction method from Dy2O3 (99.9%),
MnCO3 (99.9%), and Fe2O3 (99.9%) powder bought from Sigma-Aldrich.
Stoichiometric amounts of raw oxide powder were weighed carefully and mixed in
an agate mortar, followed by pressing into pellets 15 mm in diameter at 20 MPa.
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Samples were calcined at 950 °C for 10 hours and sintered at 1440 °C for 6 hours.
The crystal structures of the samples were examined by x-ray diffraction (XRD,
Model: GBC MMA), using Cu Kα radiation at λ = 1.54056 Å. The Rietveld
refinement calculations were conducted via FULLPROF software. An Agilent
4294A precise impedance analyser was employed for dielectric property
measurements, scanning from 1 kHz to 1 MHz.
3.1.4

Results and discussion

3.1.4.1 Structure
The results of structural characterization of all samples by XRD are given in Figure
3.1-1 (a). We employed Rietveld analysis to refine the diffraction patterns. All XRD
patterns can be assigned to the single phase orthorhombic structure with space group
Pbnm, and no detectable impurity phase is present. The lattice parameter dependence
on the Fe content, derived from the Rietveld refinement, is shown in Figure 3.1-1
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Figure 3.1-1 (a) X-ray diffraction patterns of all samples, (b) x dependence of lattice
parameters.
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With increasing Fe content, the b-axis parameter of the unit cell becomes
monotonically shorter, the c-axis parameter becomes longer in a linear way, and the
a-axis parameter only increases slightly. Consistent with our previous work18, the
relation b > a > c/√2 is found in samples with x < 0.33, showing a static Jahn-Teller
(JT) distortion (cooperative antiferroic JT orbital ordering) superimposed on high
temperature O-type (i.e., not JT distorted) orthorhombic structure19, 20. As x > 0.33, a
> c/ √2 is found. According to the reported work, the static orbital ordering is
expected to be absent and replaced by weaker and weaker dynamic orbital ordering
when x varies from 0.33 to 0.5, and the orbital ordering probably disappears in
samples with x > 0.5.
3.1.4.2 Dielectric relaxation
The temperature dependence of the dielectric constant and loss at different
frequencies is shown in Figure 3.1-2 for representative samples with x = 0.2 (shown
in Figure 3.1-2 (a) and (c)) and 0.9 (shown in Figure 3.1-2 (b) and (d)). Strong
relaxation of the dielectric constant and loss is observed in the investigated frequency
range, where the temperatures of dielectric constant/loss peaks shift to higher
temperature with increasing frequency. Comparing the relaxation processes between
x=0.2 and x=0.9, it is clear that loss peak at a certain frequency also shifts strongly.
This indicates that Fe doping can introduce significant change into the relaxation
processes.
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Figure 3.1-2 Temperature dependence of complex dielectric constants and loss for
representative samples.
To calculate the activation energy of the relaxation process, we employ the modified
Debye relaxation model, as shown in equation (1), to fit the experimental data for the
sample with x = 0. This is because the loss peak information is difficult to extract
from the loss-frequency curves.
(1),
where ε / ε

is the static/very high frequency permittivity, ω is the angular

frequency, τ is the relaxation time, and α is a parameter to describe the degree of
difference from standard Debye relaxation. The data were only collected below the
temperature of the loss peak in 1 kHz. The fitting results are shown in Figure 3.1-3.
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Figure 3.1-3 Frequency dependence of the real dielectric constant ′ at various
temperatures: scattered symbols, experimental data; lines, the output of fitting via the
modified Debye equation.
A series of relaxation times τ were obtained, and it is found that they follow the
Arrhenius Law:
(2),
where τ0 is the relaxation time at infinite temperature (pre-exponential factor), Eα is
the relaxation activation energy, kB is the Boltzmann constant, and T is the
temperature. The Arrhenius Law fitting results are given in Figure 3.1-4 (a) with Eα =
0.213 eV and τ0 = 6.43×10-12 s. Considering the relaxation τ0 × f0 = 1, where f0 is the
characteristic frequency at infinite temperature, we can obtain an f0 of 1.55×1011 Hz
for the sample with x = 0.
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Figure 3.1-4 Arrhenius Law fitting for all samples and corresponding activation
energies at low temperature.
For all the other samples, the dielectric loss peak can be well indentified. The
frequencies and temperatures of loss peaks follow the Arrhenius Law:
(3),
while the Arrhenius Law fitting results are given in Figure 3.1-4 (b-h).
The Fe content dependence of the characteristic frequency f0 and activation energy
Eα is shown in Figure 3.1-5. The characteristic frequency f0 decreases sharply from
1.55×1011 Hz for x = 0 to 3.8×109 Hz for x = 0.2, increases dramatically from x =
0.33 to x = 0.6, and then drop rapidly again when x further increases. The activation
energy Eα increases slowly when x varies from 0 to 0.2 and then goes up
significantly until x = 0.6, after which it declines quickly. Therefore, two obvious
transitions of f0 and Eα that are dependent on Fe content can be identified clearly, and
they are well matched to each other.
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Figure 3.1-5 Fe content dependence of characteristic frequency f0 and activation
energy Eα.
3.1.4.3 Discussion
It is interesting that these two transitions correspond to structural and magnetic
transitions in this system.18 The first transition between x = 0.2 and x = 0.33 is
consistent with the structural change where static orbital ordering disappears and is
replaced by weaker dynamic orbital ordering due to weaker Jahn-Teller distortion.
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The transition between x = 0.5 and x = 0.6 is found to correspond to the
disappearance of dynamic orbital ordering and the appearance of spin reorientation.
These two transitions are also consistent with the result reported by Chiang21 etc. In
their work, the static orbital ordering becomes unstable in the sample with x around
0.3 shown in Figure 1 (b) and begins to disappear in the sample with x around 0.5
shown in Figure 4 (a) in Ref.21. Therefore, the structural variation is probably
responsible for the variation in the characteristic frequency f0 and the activation
energy Eα. Otherwise, the magnetic orderings seem to affect the relaxation as well.
With x increasing from 0, the Eα increases until x = 0.6, during which the AFM
transition temperature increases from 39 K to 400 K.18 The enhanced superexchange
interaction restricts the electron transfer and consequently introduces higher Eα. For x
≥ 0.6, spin reorientation (SR, from the canted AFM state to the collinear AFM state
in this system) appears, and the transition temperature of SR decreases with
increasing x.18 The relaxation process becomes easier because the canted AFM states
allow a higher chance for electron transfer, compared with the collinear AFM state,
and this effect introduces a smaller Eα. The small amounts of Mn4+ /Mn2+ and Fe2+,
due to the inevitable presence of oxygen defects, which occur often in manganites22
and ferrites23, are likely to be responsible for the relaxation process. The electron can
hop in an external AC electric field between mixed-valence ions. Due to the different
ionic radii of the ions with different valences, the hopping consequently induces
lattice deformation and introduces polaronic distortion.
3.1.5

Conclusion

In conclusion, we prepared perovskite DyMn1-xFexO3 samples by solid state reaction.
All samples are pure phase and show orthorhombic structure. Strong Jahn-Teller
110

distortion is expected to favor orbital ordering in the samples with x = 0 - 0.2.
However, orbital ordering becomes weaker with increasing x and disappears in the
samples with x > 0.5. The dielectric constant and loss show strong dielectric
dispersion in various frequencies, which is indicative of the relaxation. The
frequencies and temperatures of the loss peaks follow the Arrhenius law, and the
activation energies have been obtained, ranging from 0.23 eV to 0.36 eV. The Fe
content dependence of the characteristic frequencies and activation energies shows a
similar trend, which is well consistent with the change in the orbital ordering. In the
light of this, dielectric and magnetic properties may be modified simultaneously by
the variation in the structure because the magnetic properties of this system are also
strongly related with the structure.
3.1.6
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3.2

Temperature and Frequency Dependent Giant Magnetodielectric
Coupling in DyMn0.33Fe0.67O3

3.2.1

Abstract

Perovskite DyMn0.33Fe0.67O3 experiences a paramagnetism-antiferromagnetism
transition at 450 K and spin reorientation at 290 K. Magnetodielectric properties
were studied around the spin reorientation transition. Both giant positive and giant
negative magnetodielectric coupling (MDC) were observed near room temperature.
The MDC shows strong temperature and frequency dependence, and the sign
changes from positive to negative when magnetic state transits from a canted
antiferromagnetic state to a collinear antiferromagnetic state. Possible mechanisms
are proposed based on the Maxwell-Wagner model, phase transition, the
magnetoresistance effect, and spin-phonon coupling.
3.2.2

Introduction

Dielectric materials are common materials which have wide applications in energy
storage, electronic switches, sensors, and actuators. To develop next generation
multifunctional devices, effective control of more degrees of freedom beyond electric
charge should be given a priority. Considerable work has been done to control the
dielectric property by magnetic methods1-4, the so-called magnetodielectric coupling
(MDC) effect. Most MDC effects appear around the magnetic phase transition
temperature, at which dielectric abnormality can be observed and modified by
external magnetic fields. These effects are notably found in some manganites. In
BiMnO3, the dielectric constant is suppressed around 100 K, where ferromagnetic
ordering occurs5 and a giant negative MDC effect could be induced. For spin
frustrated perovskite TbMnO3 (Pbnm space group)6, an obvious peak in the
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temperature dependence of the c-axis dielectric constant is found at 27 K, where the
sinusoidal antiferromagnetic (AFM) magnetic modulation wave vector is locked at a
constant value. Magnetic field can shift the dielectric peak slightly around 27 K and
induce an extra dielectric peak at lower temperature. In metastable orthorhombic
HoMnO3 and YMnO37, the MDC effect occurs below their incommensurate AFM
transition temperature of 42 K. Apart from these manganites, the MDC effect can be
found in other systems, such as SeCuO38, TeCuO38, MCr2O49 (M = Mn, Co, and Ni)
and Bi2Mn4/3Ni2/3O610, although their MDC values are very small. Colossal
magnetoresistance materials, such as EuNbO2N11 and HgCr2S412, also show
significant magnetodielectric response at low temperature. To achieve practical
applications, it would be ideal to find materials with MDC effects near room
temperature. In addition, the MDC effect should be strong. Here, we present both
giant positive and giant negative MDC in perovskite DyMn0.33Fe0.67O3 near room
temperature, 290 K, at which spin reorientation occurs.
3.2.3

Experimental

Polycrystalline sample of DyMn0.33Fe0.67O3 was made by the traditional solid state
reaction method with Dy2O3 (99.9%), MnCO3(99.9%), and Fe2O3(99.9%) powder
bought from Sigma-Aldrich. Stoichiometric amounts of raw oxide powder were
weighed carefully and mixed in an agate mortar, followed by pressing into pellets 15
mm in diameter at 20 MPa. Samples were calcined at 950 °C for 10 hours and
sintered at 1440 °C for 6 hours. The crystal structure of the sample was examined by
X-ray diffraction (XRD, Model: GBC MMA), using Cu Kα radiation at λ = 1.54056
Å. The Rietveld refinement calculations were conducted via FULLPROF software.
The magnetic measurements were carried out using a 14 T physical properties
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measurement system (PPMS), equipped with a vibrating sample magnetometer
(VSM), in magnetic fields up to 5 T, over a wide temperature range from 5 to 340 K
in standard mode, and from 310 K to 750 K in oven mode. Pt electrodes were
depoited on both sides of the thin pellet by magnetic scattering coating for dielectric
meausrement. An Agilent 4294A impedance analyser was employed for dielectric
property measurements, scanning from 1 kHz to 1MHz, while the temperature and
applied magnetic fields were controlled by PPMS. A room temperature resistance
measurement was carried out with a multimeter, and it showed resistivity of ~107
cm.
3.2.4

Results and discussion

Figure 3.2-1 shows the X-ray powder diffraction pattern and Rietveld refinement
results at room temperature. All diffraction peaks can be assigned to the single phase
orthorhombic structure with space group Pnma, and no detectable impurity phase is
present. The quality of refinement is determined by refinement parameter Rp =10.2%
and variance χ2 = 1.9. The calculated lattice parameters are a = 5.6237(10) Å, b =

Intensity (a.u.)

7.5602(13) Å, c = 5.2912(9) Å.
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Figure 3.2-1 XRD refinement result of DyMn0.33Fe0.67O3 with Rp = 9.9% (star
symbols, measured, and solid line, fitted). The difference between the measured and
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Rietveld refined
r
speectra is plottted with a slight dow
wnshift forr clarity. Th
he short
vertical soolid lines aree guides forr the eyes to
o mark the correspondin
c
ng Bragg po
ositions.
The tempeerature depeendence of the magnettic moment of DyMn0..33Fe0.67O3 is
i shown
in Figure 3.2-2 (a). There
T
are tw
wo transitio
ons that can
n be clearly indentified
d. One is
the transition from paaramagnetissm (PM) to canted antifferromagneetism (AFM
M), with a
weak ferrromagnetic componennt (WFM) around 450 K, whilee the other is the
transition from a can
nted AFM (WFM) to
o a collineaar AFM aroound 290 K as the
d
temperatuure decreases. Curie-Weeiss fitting was conduccted above 4450 K, as displayed
in Figure 3.2-2
3
(b), where
w
the saample shows intrinsic paramagneti
p
ic features, giving a
Curie-Weiiss temperaature of -79 K, Curie constant
c
of 15.6, and eeffective mo
oment of
11.2 µB. The negattive Curie-W
Weiss tem
mperature su
uggests thee antiferrom
magnetic
4
K. Thhe theoretiical value of maxim
mum mom
ment for
transition around 450
DyMn0.33Fe
F 0.67O3 is 11.4 µB if aall ions aree in the high spin statee (4.9 µB/M
Mn3+, 5.9
µB/Fe3+, and
a 9.9 µB/D
Dy3+). The close valuees of the theoretical annd the expeerimental
moments indicate
i
thaat all magneetic ions are in the high spin state.

117

Figure 3.22-2 (a) Tem
mperature deependence of
o magneticc moment fr
from 10 K to
t 600 K
(black cloosed triang
gles: standaard mode, red closed
d circles: ooven mode). Inset:
magnetic hysteresis loop measuured at 5 K. (b) Inverse DC suusceptibility
y versus
ured in an exxternal field
d of 1000 Oe
O for the paaramagneticc state of
temperatuure as measu
DyMn0.33Fe
F 0.67O3 abo
ove 450 K (dashed lin
ne: Curie-W
Weiss fit; triiangles: thee inverse
curve from
m experimen
ntal data).
The increaasing momeent below thhis transitio
on indicates that the ant
ntiferromagn
netism is
not pure but has a weak ferromagneetic compo
onent. Gennerally, in G-type
magnetic order, a WF M compon
nent could be inducedd along thee c axis
antiferrom
because of the Dzyaloshinsky-M
Moriya interaction, if sp
pins are norrmal to b ax
xis in the
ab plane133. The posssibility of fferromagnettic (FM) cllusters can be easily excluded
e
because the magn
netic hysteeresis loop
p measured
d at 5

K shows typical

paramagneetic/antiferrromagnetic behaviour. A similarr antiferrom
magnetic trransition
can also be
b observed
d in DyFeO3 14. The sud
dden decreaase in the m
magnetic mo
oment at
290 K is likely
l
to be the result oof the disap
ppearance off the WFM componentt. Below
it, the sam
mple is in the pure AFM
M state, as confirmed
c
by
b the magnnetic hystereesis loop
at 5 K. Hence,
H
this transition iis a spin reeorientation caused byy the chang
ge in the
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highly tem
mperature sensitive
s
maagnetic aniisotropy, wh
hich is sim
milar to the case of
DyFeO314. The contiinuous increease in the magnetic moment
m
at low temperature is
due to parramagnetic behaviour
b
oof Dy3+. The magnetic property iss consistent with the
15
previous work.
w

Figure 3.22-3 Frequen
ncy dependeence of dielectric consstant, loss aat 310 K, 28
85K and
250K, resppectively.
To investtigate couplling betweeen the mag
gnetic field
d and the ddielectric property,
p
dielectric constants an
nd loss werre collected in differentt magnetic ffields at 310
0 K, 285
ure 3.2-3 (a,, b, c). Obvi
vious up/dow
wn shifts
K and 2500 K respectiively, as shoown in Figu
in the dieelectric con
nstant can be observeed in the frequency
f
dependencee of the
dielectric constants when
w
measuurements weere carried out in varioous magnetiic fields,
g.
indicatingg the occurreence of maggnetodielecttric coupling
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Figure 3.2-4 Frequency dependence of magnetodielectric coupling constant (MDC)
and dynamic magnetoloss (ML) at 310 K, 285K and 250K, respectively.
The strength of magnetodielectric coupling is determined by the MDC constant in
the form of (εH-εH=0)/εH=0, which is calculated and given in Figure 3.2-4(a, b, c). It is
clear that the MDC is extremely significant, especially in high magnetic field. At 310
K, we found a positive MDC constant as large as 53% (0.53) around 2×104Hz. At the
low frequency range, the MDC constant approaches zero when the frequency
decreases, indicating that mobile charge doesn’t contribute to the MDC effect too
much. Just below the spin reorientation temperature, at 285 K, an opposite MDC
effect occurs, giving a large value of -35% around 1×104Hz. The MDC constant also
approaches zero when the frequency is close to 0 Hz, confirming the negligible effect
of mobile charge on MDC. Maximum MDC can be observed at the conductivity cutoff frequency 1/ RC (where R and C are the resistance and capacitance of the equal
circle, respectively) 16. When the temperature cools down from the spin reorientation
temperature, this negative MDC effect becomes much stronger, reaching -70%
around 5×103Hz at 250 K, as shown in Figure 3.2-4(c). Hence, the MDC effect is
strongly temperature dependent. On the other hand, clear frequency dependence of
MDC can be well observed.
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Figure 3.22-5 Frequency dependeence of dynaamic magneetoresistancee (MR) at 310
3 K,
285K and 250K, resp
pectively.
Up to now
w, there are three propoosed mechaanisms to ex
xplain the M
MDC effectt. One is
based on intrinsic multiferroic
m
relaxor beh
haviour17, one
o is basedd on the MaxwellM
Wagner m
model16 and
d one is bassed on spin
n-phonon in
nteraction. A
Although DyMnO
D
3
and DyFeeO3 also sho
ow multiferrroic featurres, their multiferroic pproperties can
c only
appear at very low temperature , below 18 K18 and 3.5 K19, beccause of thee inverse
ya interactioon and exch
hange stricttion, respecctively. Hen
nce, near
Dzyaloshiinsky-Moriy
room temp
mperature, th
he multiferrroic relaxorr based mecchanism is not approp
priate for
our result. However, the giant M
MDC can be
b tentativeely explaineed by the MaxwellM
m
at low
w frequencyy range belo
ow the cut-o
off frequenccy 1/ RC. To
T better
Wagner model
understandd these uniique phenom
mena, we present
p
the frequency dependencce of the
dynamic magnetolos
m
ss (ML), M
ML = (LosssH-LossH=0)//LossH=0, aas shown in
n Figure
3.2-4(a, b,, c). The sig
gnificant chaange of ML
L can be obsserved as inncreasing freequency,
and the ML
M shows th
he opposite ttendency to
o that of MD
DC. Conside
dering the ML
M effect
and the reesult in Ref. [16], we coould assign
n this MDC effect to thhe MR relateed MDC
effects. Above
A
the sp
pin reorienttation temp
perature of 290 K, succh as at 310
0 K, the
material shows WFM
M, but the appplied magnetic field suppresses
s
the spin flu
uctuation
in the WF
FM state20,, 21. This results in a negative magnetoreesistance (M
MR) and
favours a positive MDC
M
effect aaccording to
t the Maxw
well-Wagneer model, siimilar to
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the positive MDC effect that occurs in EuNbO2N below the ferromagnetic transition
temperature11. During our experiment measurement, dynamic frequency dependent
resistances were obtained. Figure 3.2-5 presents the dynamic magnetoresistance in form
of MR = (RH-RH=0)/RH=0. A negative MR effect is observed at 310K as shown in
Figure 3.2-5 (a).The result confirms our assumption. On the contrary, when the
temperature is 285 K or 250 K, the material experiences a magnetic phase transition
from WFM to AFM. The MDC may be contributed by the following possible factors:
first, MR effect induced by spin polarized tunnelling between charge depleted grain
boundaries20; second, the intrinsic magnetoelectric effect due to magnetostriction22;
third, the spin pair correlation, as explained in the phenomenal model23. In our case,
the magnetostriction effect should be very small and negligible, as the sample is not a
typical magnetostriction material. In addition, the spin pair correlation cannot induce
such a giant MDC effect. Hence, the most likely factor is the contribution by MR
effect induced by spin polarized tunnelling, despite the AFM property. This is proved
by the positive MR effects are observed at 280 K and 250 K as shown in Figure 3.2-5
(b) and (c), which could induce a negative MDC according to the Maxwell-Wagner
model. In the light of this, the MDC at low frequency range below the cut-off
frequency 1/ RC is related to space charge effect, which can be further confirmed by
the strong frequency dependence and MR effect. For the case at high frequency
range above the cut-off frequency 1/ RC, the MDC effect becomes weaker, which
should due to the absence of space charge effect. Different magnetic states will affect
the strength and mode of spin-phonon interaction and dielectric constant is
consequently modified8, 24. Similar effect is observed in Mn3O4, in which opposite
MDC effects happen above and below magnetic transition temperature25. Hence,
spin-phonon interaction is supposed to be responsible for the MDC at high frequency
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range.
3.2.5

Conclusion

In summary, we have studied the phase transitions and MDC effect in
DyMn0.33Fe0.67O3. Two magnetic phase transitions are found at 290 K and 450 K,
corresponding to spin reorientation and the antiferromagnetism-paramagnetism
transition, respectively. MDC show strong temperature and frequency dependence.
Giant positive and negative MDC effects are observed in the vicinity of the spin
reorientation temperature. Magnetoresistance based Maxwell-Wagner model is
employed to explain the MDC at low frequency range below the cut-off frequency 1/
RC and spin-phonon interaction is responsible for the MDC at high frequency range
above the cut-off frequency 1/ RC. These effects make it promising to produce
multifunctional devices based on such kinds of materials.
3.2.6
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4 STRONG 4F ELECTRON INTERACTION AND MAGNETIC ORDERING
MODIFICATION IN ND1-XERXMNO3 (0 ≤ X ≤ 0.5)
4.1

Abstract

The structural properties, magnetic properties, and heat capacity have been
systematically studied in perovskite Nd1-xErxMnO3 (0 ≤ x ≤ 0.5). Er3+ doping
enhances the Jahn-Teller distortion, strongly affects the Nd3+-Mn3+ interaction,
destroys the intermediate state below the antiferromagnetic transition temperature in
NdMnO3, and breaks the antiparallel arrangement between Nd3+ and Mn3+ spin
ordering. In spite of the high compression of the lattice along the c axis, the spin
states of Mn3+ are stable and are always high spin states. For x < 0.5, both the Mn3+
antiferromagnetic transition temperatures and the Nd3+ ferromagnetic transition
temperatures decrease after Er3+ doping. For x = 0.5, Mn3+ probably enters a pure Atype antiferromagnetic (AFM) state at lower temperature, which is different from the
canted A-type AFM state found in other samples, and there is no Nd3+ ordering
observed above 5 K. The decreasing ferromagnetic component in magnetic hysteresis
loops at 30 K indicates that the canted angles vary with x. Otherwise, the coincidence
between the magnetic entropy abnormality and the structural change suggests that the
magnetic transition may accompany structural change. These results offer strong
evidence for the interaction between rare earth ions and transition metal ions, and
competition among rare earth ions as well.
4.2

Introduction

The manganites have aroused great interest during the past several years because of
the magnetoresistance effect1, 2. During these years, more attention has been paid to
some manganites due to their unique multiferroic properties3, 4. For ABO3-type
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perovskite manganites, the structures evolve gradually from orthorhombic to
hexagonal when the A site ion varies from lanthanum to lutetium, and the magnetic
behaviour becomes quite different. Abundant magnetic phase transitions are
observed in these manganites. LaMnO3 shows typical A-type antiferromagnetism
(AFM) at 140 K because of the orbital ordering arising from the distorted perovskite
structure5. A-type AFM still exist in SmMnO3, in which Sm3+ has a smaller ionic
radius than La3+, but it is canted A-type AFM with a weak ferromagnetic
component6. The magnetic properties become much more complicated in
orthorhombic DyMnO3, which experiences a sinusoidal incommensurate AFM
transition at 39 K and a spiral spin ordering below 18 K, after which ferroelectric
polarization can be observed because of an inverse Dzyaloshinsky-Moriya (DM)
interaction3. A similar magnetic phase transition can also be found in TbMnO33.
When La3+ is replaced by much smaller atoms, such as Er3+, the orthorhombic
structure will be disturbed, and the hexagonal structure becomes stable, so that
ErMnO3 has a frustrated triangular spin arrangement on the Mn3+ sublattice7, 8.
To well understand the mechanisms behind the different magnetic properties in these
manganites, it is necessary to illustrate the interaction between the rare earth ions and
Mn3+, based on some reports that have been focused on the doping effects of rare
earth ions. In the Er1-xYxMnO3 system9, the strong geometrical frustration effect in
YMnO3 becomes weaker and weaker as the Er3+ content increases, but the ordered
moments are very stable without strong doping dependence, which suggests that
there is strong coupling between Er3+ and Mn3+. Gd3+ with 4f electrons has been
introduced to replace La3+ in LaMnO3, and spin canting of Mn3+ can polarize the 4f
spins in Gd3+. 10
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Considering the different magnetic phases in orthorhombic and hexagonal
manganites, it is of interest to study the structural variation and consequent evolution
of magnetic properties by combining two such manganites together. In the Eu1xYxMnO3

system11, 12, the rare earth ions are both non-magnetic, and ferroelectric

polarization is observed below the antiferromagnetic transition temperature in
samples with x ≥ 0.3, presumably due to the emergence of spiral spin ordering,
although only on the Mn3+ sub-lattice. When x is around 0.2, weak ferroelectric
polarization and weak ferromagnetism coexist and show the multiferroic property,
probably due to a cone-like spin ordering.
In this work, we study the structural and magnetic properties in the Nd1-xErxMnO3
system. Both Nd3+ and Er3+ are magnetic rare earth ions with 4f electrons, but with
quite different moments. From the experiments, we observe an intermediate state in
NdMnO3, although it disappears in other samples after Er3+ doping. Meanwhile, the
antiferromagnetic coupling between the ferromagnetic (FM) components of Nd3+ and
Mn3+ that is found in NdMnO3 is also totally destroyed by Er3+ doping. It is proposed
that the canted angle of the Mn3+ sub-lattice is rotated by doping and disappears in
the sample with x = 0.5. Otherwise, there is a coincidence between the structural
change at room temperature and the magnetic entropy abnormality, suggesting that
the magnetic transition may accompany subtle structural change.
4.3

Experimental

Polycrystalline samples of Nd1-xErxMnO3 (x = 0, 0.1, 0.2, 0.33, 0.5, and 1.0) were
made by the traditional solid state reaction method. Stoichiometric amounts of raw
oxide powder were weighed and then mixed in an agate mortar, which was followed
by pressing into pellets 15 mm in diameter at 20 MPa. Samples were calcined at 950
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°C for 10 hours and sintered at 1450 °C for 48 hours. The crystal structures of the
samples were examined by X-ray diffraction at room temperature (XRD, model:
GBC MMA), using Cu Kα radiation at λ = 1.54056 Å. The Rietveld refinement
calculations were conducted via FULLPROF software to obtain the lattice
parameters and bond information. The magnetic measurements were carried out
using a 14 T physical properties measurement system (PPMS).
4.4
4.4.1

Results and discussion
Structural properties

The crystalline structures of all samples were examined by X-ray diffraction. The
results are given in Figure 4.4-1. The two end samples, NdMnO3 and ErMnO3, are in
the orthorhombic and hexagonal structure, respectively. When NdMnO3 is doped
with Er, the samples with x ≤ 0.5 always exhibit the orthorhombic structure with
regularly shifting diffraction peaks. For the sample with x > 0.5, both orthorhombic
phase and hexagonal phase can be clearly identified (not shown).
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Figure 4.4-1 XRD patterns for Nd1-xErxMnO3.
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We employed FULLPROF software to refine the diffraction patterns to enable the
lattice parameters to be obtained. A typical result of Rietveld structural refinement of
Nd0.67Er0.33MnO3 is given in Figure 4.4-2 with χ2 = 1.8. All diffraction patterns can
be assigned to the single phase orthorhombic structure with space group Pbnm, and
no detectable impurity phase is present.

Intensity (a.u.)

Experiment
Calculation
Bragg position
mis-match

20

30

40 50 60
2degree

70

80

Figure 4.4-2 Typical refinement results for Nd0.67Er0.33MnO3 with χ2 = 1.8
The Er content dependence of the lattice parameters is given in Figure 4.4-3. It is
clear that 10% Er doping affects the lattice parameters significantly. The relation b >
a > c/√2 can be found for each sample and suggests a static Jahn-Teller orbital
ordering10.

The bigger and bigger difference between the b axis and a axis

parameters with increasing Er content is due to the replacement of Nd3+ by the
smaller Er3+ ion. This can induce stronger Jahn-Teller distortion, which favours
stronger in-plane ferromagnetic double exchange. Theoretical tolerance factors were
calculated in form of t = (RA+RO2-)/ √2 (RMn3++RO2-) shown in Figure 4.4-4, where
RA = (1-x)*RNd3+ + x*REr3+. On increasing the Er doping level, the structure diverges
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further from the ideal structure. This is confirmed by the increasing spontaneous
stress13 calculated in form of 2(b - a)/(b + a), as shown in Figure 4.4-4. A significant
change is also observed at x = 0.1.
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Figure 4.4-3 Doping rate x dependence of lattice parameters
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Figure 4.4-4 X dependence of theoretical tolerance factors and spontaneous stress
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To understand how Er3+ doping affects the structure in detail, the Mn-O bond lengths
and Mn-O-Mn bond angles both in-plane and inter-plane, and the Nd/Er-Mn
distances were extracted based on the results of refinement. The information on
atomic positions, bond lengths, and bond angles is presented in Table 1. It is clear
that the atomic positions, bond lengths, and bond angles do not show any regular
change with increasing x, which may be due to the quite different atomic radii of
Nd3+ and Er3+. Meanwhile, Nd3+ and Er3+ are magnetic rare earth ions with different
moments, which may also be responsible for the complex spatial atomic
arrangements. The Er content dependence of bond distances and bond angles interplane and in-plane, and the Nd/Er-Mn distances are shown in Figure 4.4-5. When the
doping rate is 0.1, significant changes in the bond distance and bond angle are
observed. The bond distance and bond angle in the sample with x = 0.5 also show
relatively big changes compared with the other samples (x = 0, 0.2, and 0.33) in
which the bond distances and bond angles remain very close. Meanwhile, the
changes in the bond distances and bond angles in-plane seem to show the opposite
trend to those of the bond distances and bond angles inter-plane. This means that
there is strong competition in terms of structural stability inter-plane and in-plane,
which also suggests that there would be strong magnetic competition between the
inter-plane and in-plane moments.
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Table 1 the inform
mation on atoomic positio
ons, bond leengths, and bond anglees
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Figure 4.4-5 X dependence of Mn-O bond distances, Mn-O-Mn bond angles interplane and in-plane, and Nd/Er-Mn distances.
4.4.2

Magnetic properties

As shown in Figure 4.4-6, the field cooling (FC) temperature dependence of the
magnetic moment was measured in various fields. Figure 4.4-6(a) shows the M-T
curves of NdMnO3 in 20 Oe and -20 Oe, while Figure 4.4-6(b) shows the M-T curves
in 100 Oe and -100 Oe. In these figures, we can always observe a transition at 79 K.
In addition, another transition can also be observed around 15 K, where negative
(positive) moments change to positive (negative) moments. The transition at high
temperature showing the weak ferromagnetic (WFM) property is assigned to the
canted A-type antiferromagnetic (AFM) transition of Mn3+, which has been well
studied6,

14

. The low temperature transition is assigned to ferromagnetic (FM)

ordering of Nd3+. Considering the sign change in the moment at low temperature, we
can claim that the magnetic vector of Nd3+ ordering is opposite to the magnetic
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vector of Mn3+ ordering, meaning that Nd3+ couples with Mn3+ antiferromagnetically,
which can also been confirmed by the neutron result.15 The asymmetric values of
moments in opposite applied fields at 5 K further confirm this spin configuration.
Similar spin arrangements between rare earth ions and transition metal ions are also
found in SmMnO314 and GdMnO316.
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Figure 4.4-6 Field cooling temperature dependence of magnetic moment for
NdMnO3, (a) 20 and -20 Oe (cooling field); (b) 100 and -100 Oe.
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Figure 4.4-7 Field cooling temperature dependence of magnetic moment: (a) x = 0.1,
500 Oe, and x = 0.2, 100 Oe; (b) x = 0.33, 100 Oe, and x = 0.5, 100 Oe.
The FC temperature dependence of the magnetic moment was examined for the other
four samples, as shown in Figure 4.4-7(a) and (b). For x < 0.5, the magnetic
moments suddenly increase at certain temperatures, which become lower and lower
with increasing x, suggesting a shift in the magnetic phase transition temperature.
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This increase is due to the ferromagnetic component in the canted A-type AFM
ordering of Mn3+, similar to what occurs in NdMnO3. The downshift in the Néel
temperature (TN) is due to enhanced Jahn-Teller distortion, which has been well
studied in other systems16. For x = 0.5, such a sudden increase in moment cannot be
observed in the M-T curve, which is probably due to the disappearance of the
ferromagnetic component.
The ferromagnetic-like behaviour for x < 0.5 is confirmed by the magnetic hysteresis
loops measured at temperatures below TN, as shown in Figure 4.4-8(a-b) and Figure
4.4-9(a-b). The M-H loop of the sample with x = 0.5 measured at 30 K in Figure
4.4-10 shows typical paramagnetic/antiferromagnetic behaviour, confirming the
disappearance of the ferromagnetic component. In contrast to NdMnO3, the moment
shows no sign change in the M-T curves in the low temperature range for the other
four samples, in spite of reduced Nd/Er-Mn distances. This indicates that the
orderings in NdMnO3 are severely disturbed by Er3+ doping, which favours general
orderings (Mn3+ and Nd3+ ordering in the same or a similar direction).
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Figure 4.4-8 Magnetic hysteresis loops for x = 0 measured at (a) 30 K and 55 K, (b)
20 K and 35 K.
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Figure 4.4-9 Magnetic hysteresis loops for x = 0.1, 0.2 and 0.33 measured at 30 K
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Figure 4.4-10 Magnetic hysteresis loops for x = 0.5 measured at 30 K, showing a
typical AFM behaviour
The unique M-H loop of NdMnO3 at 30 K is probably attributable to variation in the
intermediate state at high fields. To confirm the existence of this intermediate state
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and study its origin, another M-H loop was collected at 20 K, which also shows
abnormal behaviour. However, this state disappears at 35 K, as proved by the M-H
loop at that temperature. Meanwhile, the temperature dependence of the magnetic
moment was measured at different magnetic fields, as shown in Figure 4.4-11.
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Figure 4.4-11 Temperature dependence of magnetic moment in various magnetic
fields
To extract the detailed information from M-T curves, Figure 4.4-12 presents the
temperature dependence of dM/dT for x = 0, 0.1, and 0.5 under different cooling
fields. For x = 0, a clear peak can be identified at 79 K at 1 T (shown in Figure
4.4-12(a)), and it shifts to 88.1 K at 5 T (shown in Figure 4.4-12(b)), which
corresponds to the antiferromagnetic transition. Meanwhile, an intermediate state
transition is observed at ~33.5 K at 1 T with a sharp increase in dM/dT, which is
consistent with the results from M-H loops at 30 K and 35 K. The intermediate state
transition can also be found at 5 T in Figure 4.4-12(b). Hence, both the M-H loop at
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20 K and dM/dT for NdMnO3 further confirm the existence of an intermediate state
at 30 K. The intermediate state should be ascribed to the coexistence state of short
range Nd3+ ordering and long range Mn3+ ordering. We propose the spin
configuration shown with the M-H loop at 20 K in Figure 4.4-8(b), which also
applies to the M-H loop at 30 K. At high magnetic field, the FM vectors of the Mn3+
spins have the same spin direction as the Nd3+ spins. When the field sweeps from ~7000 Oe to ~7000 Oe (or from ~7000 Oe to ~-7000 Oe), the spin direction of Mn3+
doesn’t change, but the Nd3+ spins gradually flip. On further increasing the field, the
Mn3+ spins flip, and their FM vectors show the same direction as Nd3+ again. The
difference between the M-H loops at 20 K and 30 K is due to the different amounts
of Nd3+ short range ordering. The negative remnant moment sweeping from A to B
(positive from C to D) in the M-H loop at 20 K is due to the bigger total moment of
Nd3+ compared to Mn3+. To determine the actual spin configuration, further study is
needed based on neutron diffraction. However, this intermediate state is not observed
in the other samples, as confirmed by Figure 4.4-12(c) and (d). The disappearance of
the intermediate state further confirms that Er3+ doping severely affects the
interactions among Mn3+ and Nd3+ ions.
The magnetic hysteresis loops at 30 K also reflect the subtle magnetic evolution. The
coercive field and remnant moment increase when the Er3+ doping rate x is 0.1, as
compared with the behaviour of NdMnO3, and then decrease gradually with
increasing x. No obvious coercive field is observed in the sample with x = 0.5. The
coercive field and remnant moment should be determined by the magnitude of the
ferromagnetic component, which is dominated by the canted angle of ferromagnetic
Mn3+ spin ordering in the ab-plane.
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Figure 4.4-12 Temperature dependence of dM/dT under different cooling fields: (a) x
= 0, 1 T; (b) x = 0, 5 T; (c) x = 0.1, 0.5 T; and (d) x = 0.5, 0.1 T.
The spin states were deduced from Curie-Weiss Law fitting. In Figure 4.4-13, 1/χ-T
shows a linear relation above the AFM transition temperature for all samples. For x =
0-0.2, Curie-Weiss Law fitting gives positive Curie temperatures, which are likely to
be due to the strong canted AFM ordering with an obvious FM component. For x >
0.2, the Curie temperatures are negative due to AFM ordering with weak FM and
without FM components. Curie constants were obtained, and experimental
theoretical effective magnetic moments have been calculated, as can be seen in Table
2. Theoretical effective magnetic moments were also calculated (Nd3+: 3.62 µB, Er3+:
9.59 µB, Mn3+: low spin state, 2.828 µB, and high spin state, 4.9 µB). It is clear that
the experimental effective moments are close to the theoretical effective moments in
which Mn3+ is in the high spin state. Therefore, in this system, the spin state is very
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Hence, according to the
t changess discussed above, the proposed
p
m
magnetic ord
dering of
Mn3+ withh no applied
d magnetic field is presented in Figure 4.4-144, which sh
hows the
variation in the cantted angle oof Mn3+ sp
pins in the ab-plane.
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n in Figuree 4.4-14(a) and (b),
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decreasingg remanent moment. Inn the samplle with x = 0.5, the sppins are arraanged in
collinear AFM,
A
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ustrated in F
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Figure 4.44-14 Propossed magnetiic ordering of Mn3+ sub
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vely.
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Figure 4.4-15 Low temperature magnetic hysteresis loops at 5 K.
4.5

Conclusion

In conclusion, perovskite Nd1-xErxMnO3 compounds with magnetic rare earth ions
have been studied based on structural and magnetic properties. Stronger distortion is
induced after Er3+ doping, which is responsible for the decreasing TN. The
intermediate state and the antiparallel arrangement between Nd3+ FM ordering and
Mn3+ WFM ordering in NdMnO3 are destroyed by Er3+ doping. Meanwhile, the
canted angles of Mn3+ ordering vectors probably rotate and disappear with varying x.
These results show that there are strong interactions between Nd3+ / Er3+ and Mn3+,
and competition between Nd3+ and Er3+.
4.6
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5 COMPETITION BETWEEN THE CRYSTAL FIELD AND THE
EXCHANGE FIELD IN ER3+ DOPED NDMNO3
5.1

Abstract

The specific heat of Nd1-xErxMnO3 has been systematically studied. Anomalies of the
magnetic entropy, contributed by the antiferromagnetic transition, and the spin wave
stiffness coefficient are found in the sample with x = 0.1 due to a stronger
ferromagnetic component, which is consistent with previous magnetic measurements
and analysis. The careful investigation of specific heat in the low temperature range
below 25 K shows that the ground state splitting of Nd3+ has been modified by the
Er3+ doping, which shows a nonlinear dependence on the Er3+ doping rate, due to the
competition between the crystal field and the exchange field. On the other hand, the
ground state splitting of Er3+ has a linear dependence on the doping rate, which is
attributed to the dominance of the crystal field over the exchange field. Hence, the
competition between the crystal field and the exchange field must be considered for
the low temperature study of rare earth ions when they are comparable in other
similar systems. The spin wave coefficients decline linearly with increasing Er3+
doping content, except in the case of x = 0.1, in line with the weaker
antiferromagnetic interaction.
5.2

Introduction

The pervoskite LaMnO3 is a classic manganite, a good study subject and the object
of great physical interest, in which the Jahn-Teller distortion and the orbital ordering
play an critical role in determining the antiferromagnetic interaction.1 It shows
typical A-type antiferromagnetism (AFM) at 140 K because of the orbital ordering.2
When divalent ions are doped into the La3+ sites, the manganese ions will be in the
148

forms of both Mn3+ and Mn4+, as in the La1-xCaxMnO3 system for example3, allowing
the magnetoresistance effect to occur.4,

5

Current memory devices are mainly

designed based on the giant magnetoresistance effect found in such materials. On the
other hand, when the La3+ site is totally replaced by other rare earth ions, unique
physical properties can be observed. A-type AFM still exists in SmMnO3, in which
Sm3+ has a smaller ionic radius than La3+, but it is a canted A-type AFM with a weak
ferromagnetic (FM) component.6

The complex magnetic phase diagram and

multiferroic properties have been well studied in DyMnO3 and TbMnO3.7,

8

The

inverse Dzyaloshinsky-Moriya (DM) interaction is employed to explain the improper
ferroelectric polarization found in such spiral spin ordering systems.7 When La3+ is
replaced by much smaller atoms, such as Er3+, extremely strong distortion will be
introduced, and the orthorhombic structure is no longer stable. This strong distortion
favours the hexagonal structure, so that ErMnO3 has a frustrated triangular spin
arrangement on the Mn3+ sublattice.9, 10 It seems that the magnetic rare earth ions do
not affect the antiferromagnetic interaction of the Mn3+ sublattice too much beyond
the distortion effect. On the contrary, the low temperature behaviour of magnetic rare
earth ions is to some extent modified by the Mn3+ ordering. When Gd3+ with 4f
electrons is introduced to replace La3+ in LaMnO311, the spin canting of Mn3+ can
polarize the 4f spins in Gd3+. A similar interaction between magnetic rare earth ions
and manganese ions is also reported in SmMnO3. 12 It is found that the canted A-type
antiferromagnetic ordering of Mn3+ has a strong effect on Sm3+ and induces a
specific heat anomaly at low temperature, due to splitting of Sm3+ ground state
doublets in the exchange field, crystal field, and external magnetic field.

12

Systematic study of single crystal PrMnO3 and NdMnO3 have also indicated that the
isotropic and anisotropic exchange fields play a critical role in determining the
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splitting of rare earth ground states. The Pr3+ ground state splitting is dominated by
the crystal field due to the absence of a ferromagnetic component, while the Nd3+
ground state splitting is dominated by the exchange field.13 Therefore, the low
temperature behaviour of magnetic rare earth ions is strongly dependent on the
exchange field. At the same time, the exchange field and the crystal field may
compete or cooperate with each other. To elucidate this complex behaviour, we
studied the specific heat in the Nd1-xErxMnO3 system. Considering that the Er3+ ion
size is a little smaller than that of Nd3+, the crystal field could be modified slightly by
Er3+ doping. In addition, our previous work shows that the interaction between Nd3+
and Mn3+ is significantly disturbed by Er3+ doping, and the canted angle of Mn3+
antiferromagnetic ordering is also consequently modified, which indicates variation
in the exchange field. In this case, this is an ideal system to study the relationship
between the crystal field and the exchange field. The results show that the Nd3+
ground state splitting energy shows a nonlinear dependence on the Er3+ doping rate,
while the Mn3+ spin wave stiffness coefficient obeys a linear dependence with a
negative slope. The splitting energies of the Nd3+ ground state first decrease and then
increase when the doping rate is as high as 50%. The nonlinear relationship is well
fitted by a parabolic profile, which suggests that the crystal field and exchange field
compete with each other. On the other hand, a linear relation is found in the Er3+
doping rate dependent ground state splitting of Er3+, and this behaviour is likely to be
due to the dominance of the crystal field over the exchange field. The differences
between Nd3+ and Er3+ ground state splitting indicate that the competition between
the crystal field and the exchange field must be considered for the low temperature
behaviour of magnetic rare earth ions when the exchange interaction between rare
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earth ions and Mn3+ ions is strong and comparable to that of the crystal field in other
similar systems.
5.3

Experimental

Polycrystalline samples of Nd1-xErxMnO3 (x = 0, 0.1, 0.2, 0.33, 0.5) were made by
the traditional solid state reaction method, with Nd2O3 (99.9%), Er2O3 (99.9%), and
MnCO3 (99.9%) powder bought from Sigma-Aldrich. Stoichiometric amounts of raw
oxide powder were weighed carefully and mixed in an agate mortar, followed by
pressing into pellets 15 mm in diameter at 20 MPa. Samples were calcined at 950 °C
for 10 hours and sintered at 1450 °C for 48 hours. The specific heat was measured
using the thermal relaxation technique with a 14 T physical properties measurement
system (PPMS).
5.4
5.4.1

Results and Discussion
Specific heat around antiferromagnetic transition

Specific heat measurements were conducted from 2 K to certain temperatures above
the magnetic transition temperature. The temperature dependence of Cp/T for
samples with x ≤ 0.5 is presented in Figure 5.4-1.
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Figure 5.4-1 Temperature dependence of Cp/T for Nd1-xErxMnO3 for x = 0, 0.1, 0.2,
0.33, and 0.5.
The peak at higher temperature is assigned to the AFM ordering of Mn3+. To
calculate the magnetic contribution to the antiferromagnetic transition, a third order
polynomial background is subtracted from the experimental data to exclude the
contribution from phonons and electrons. A fitting example is presented in Figure
5.4-2(a) for the sample with x = 0, and the residual magnetic contributions of all
samples are shown in Figure 5.4-2(b).
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Figure 5.4-2 (a) Phonon and electron contribution to specific heat (small red dotted
line) is subtracted from experimental data (big blue dotted line) for the sample with x
= 0; (b) temperature dependence of the residual magnetic contributions to the
antiferromagnetic transitions for all samples; (c) temperature dependence of
integrated magnetic entropy for all samples calculated from (b).
It is obvious that the specific heat peaks shift to lower temperature when x increases,
which agrees with the temperature downshift identified by the sudden increase in the
field cooling (FC) temperature dependence of the magnetic moment.14 The downshift
in the transition temperature is the result of an enhanced Jahn-Teller effect, which
has been discussed in connection with many rare earth manganites15. The magnetic
entropy of magnetic ordering is shown in Figure 5.4-2(c), calculated in the form of
∆SMag=

∆

.

(1)

153

The magnetic entropy decreases slightly when x varies from 0 to 0.2 to 0.33. The
sample with x = 0.1 has the biggest magnetic entropy compared with the others,
nearly twice the magnetic entropy of the sample with x = 0.33. This obviously
different entropy change is in accordance with the significantly different bond length
and bond angle in the sample with x = 0.1.14 The sample with x = 0.5 shows the
smallest magnetic entropy, no more than half of the entropy in the sample with x =
0.33, probably due to the different magnetic ordering or the disappearance of the
ferromagnetic component, which is also in accordance with the relatively big change
in the bond length and the bond angle in-plane.14 Otherwise, the coincidence between
the magnetic entropy abnormality and the structural change suggests that the
magnetic transition may accompany structural change, which has been observed in
other materials16.
5.4.2

Specific heat in the low temperature range

(a)

(b)

Figure 5.4-3 Energy level and ground state splitting scheme of (a) Nd3+ 4I9/2 and (b)
Er3+ 4I15/2.
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Below 25 K, there is another λ-shaped peak ascribed to the Schottky anomaly from
the ground state doublet splitting of Nd3+ and/or Er3+. The energy splitting scheme is
presented in Figure 5.4-3, which is plotted based on previous works.17-19 For
NdMnO3, the long range ordering temperature of Nd3+ is around 13 K according to
the reported result14, 20, which seems to contribute to the specific heat. However,
short range ordering of Nd3+ is also found to exist above 13 K due to the strong Nd3+Mn3+ interaction14, 21, similar to the case of SmMnO312. In NdNiO319 and SmMnO312,
the low temperature shoulders of the specific heat are both supposed to be related to
the Schottky anomaly. According to the specific heat study on Nd0.67Sr0.33MnO3, the
entropy from the Schottky anomaly is only ~85% of the expected entropy of normal
Nd3+ ordering, suggesting an effective molecular-field mechanism because of the
much stronger Nd3+-Mn3+ interaction compared to the Nd3+-Nd3+ interaction.22 On
the other hand, in ErMnO3 and YMnO3, the small shoulder peaks at low temperature
are also only attributed to the intrinsic Mn3+ ordering, but they are modified by the
interaction between Er3+/Y3+ and Mn3+ to some extent.23 Hence, it is reasonable to
assign the peaks of specific heat at low temperature mainly to the Schottky anomaly
in Nd1-xErxMnO3. At the same time, there is also a magnetic contribution from Mn3+
ordering. After doping with Er3+, the shoulders shift toward lower temperature,
indicating change in the exchange field or interaction between rare earth ions and
transition metal ions. To clarify the contribution from the Schottky anomaly and
magnetic ordering, specific heat fitting was carried out. Generally, the total specific
heat is made up of four distinct contributions: lattice, electron, hyperfine, and
magnetic ordering, which can be described as below:
C = Clat + Celec + Chyp + Cmag.

(2)
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The lattice contribution can be written as Clat = β3T3 + β5T5. In most cases, the
contribution of β5T5 is not considered, as it is too small. For a typical
antiferromagnetic insulating material, the conductive electron contribution, Celec = γT,
can be ignored.12 Likewise, the hyperfine contribution, Chyp = α/T2, is very small
above 2 K and can also be ignored.22 LaMnO3 is known as a typical A-type
antiferromagnet, and the spin wave excitations could lead to an extra contribution to
specific heat and give a T2 term.24 The contribution can also be understood to
originate from the ferromagnetic and antiferromagnetic spin fluctuations.25
According to the report of Woodfield et al., an A-type antiferromagnetic spin wave
excitation will contributed to specific heat in the form of Cmag = 0.058kB3T2/DpDz,
where DpDz is the spin wave stiffness coefficient.

24

In our study, this T2 term

contribution should be considered because Nd1-xErxMnO3 is also an A-type
antiferromagnetic system. Therefore, the specific heat can be written in a simple way
C = Clat + Cmag.

(3)

Considering the Schottky anomaly at low temperature, the final specific heat should
be in the form of
C = Clat + Cmag + CSch,

(4)

The Schottky anomaly comes from the ground state splitting of the rare earth ions
Nd3+ and/or Er3+, and the corresponding specific heat contribution follows the
expression:
CSch = R*(E/kBT)2*exp(E/kBT)/[1+ exp(E/kBT)]2 ,

(5)

where R is the ideal gas constant, E is the splitting energy of ground state doublets,
and kB is the Boltzmann constant.
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Figure 5.4-4 (a) Low temperature specific heat fitting for sample with x = 0 (red
dots: experimental data; solid black line: fitting result; green dashed dotted line: spin
wave and lattice contribution; red dashed line: Schottky anomaly from ground state
splitting of rare earth Nd3+ ions); (b) low temperature specific heat fitting for sample
with x = 0.2 (red dots: experimental data; solid black line: fitting result; blue dashed
dotted line: spin wave and lattice contribution; red dashed dotted line: Schottky
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anomaly from ground state splitting of rare earth Nd3+ ions; green dotted line:
Schottky anomaly from ground state splitting of rare earth Er3+ ions).
Figure 5.4-4 presents the fitting results of representative samples with x = 0 and 0.2.
The fitting curves well match the experimental data, which is indicative of good
fitting quality. The fitting results for other samples are displayed in Figure 5.4-5.
It is found that the lattice and spin wave dominate the contributions to the specific
heat at relatively higher temperatures. However, the Schottky anomaly plays a more
important role at low temperature, especially below 15 K. The Nd3+ ground state
splitting of the sample with x = 0 is found to be 27.8 kB, which is close to the Nd3+
ground state splitting energy of 27.15 kB in powder NdCrO3.

26

However, this

splitting is bigger than that found in single crystal NdMnO3, in which the splitting is
about 20 kB.13, 27 The difference is probably due to the size effect. The grain size of
the single crystal is much larger than that of a powder or polycrystalline sample. This
sort of size effect has also been observed in Yb2Ti2O728 and Gd3+ doped SrCl229, and
can affect the crystal field. A sharp specific heat anomaly is found at low temperature
in powder Yb2Ti2O7, but this anomaly is not observed in the single crystal sample.28
An electron paramagnetic resonant investigation of SrCl2: Gd3+ showed that the
spectrum of Gd3+ in small particle form is significantly different from those for the
single crystal and large grain samples, suggesting change in the crystal field.29 The
splitting of the Nd3+ ground state doublets decreases to 23.25 kB when x is 0.2, and to
26.1 kB when x is 0.5.
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from ground state splitting of rare earth Nd3+ ions; green dotted line: Schottky
anomaly from ground state splitting of rare earth Er3+ ions).
The doping rate dependence of the Nd3+ ground state splitting energy, E1, is plotted
in Figure 5.4-6, where it shows nonlinear behaviour. It is clear that the splitting
energies are reduced after doping, which suggests a weaker molecular field or a
weaker Nd3+-Mn3+ interaction, even if the distance between Nd3+ and Mn3+ ions
becomes shorter.14 We tentatively use a parabolic profile to fit the splitting energy
curve, except for the data point of the sample with x = 0.1 in Figure 5.4-6, and get an
empirical formula
E1 = 28 – 44.4*x + 79.8*x2

(6)

experiment data
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Figure 5.4-6 Doping rate dependence of the energy gap between two splitting Nd3+
ground states (E1).
For the sample with x = 0.1, the anomalous splitting possibly stems from the
significant lattice change compared with x = 0.2 and 0.33. The spontaneous stress
also shows an anomaly at x = 0.1,14 which further confirms this assumption. On the
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contrary, the enhanced ferromagnetic component of the Mn3+ sublattice in the sample
with x = 0.1 fails to induce stronger Nd3+ ground state doublet splitting, which is
probably due to the effect of the competition between the lattice anomaly and the
molecular field provided by the Mn3+ sublattice. After doping with Er3+, the static
Jahn-Teller distortion becomes stronger, which could induce a change in the crystal
field. Meanwhile, the interaction between Nd3+ and Mn3+ ions is significantly
disturbed, and the molecular field is consequently reduced. These two factors
determine the nonlinear behaviour of the doping rate dependence of the splitting
energies. The parabolic behaviour suggests that there is strong competition between
the molecular field and the crystal field.
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Figure 5.4-7 Doping rate dependence of the energy gap between two splitting Er3+
ground states (E2).
As for Er3+, the ground state doublet splitting energies shown as E2 in Figure 5.4-7
are all quite close, around 10 kB. One of possible factors is that the Schottky anomaly
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of Er3+ may be much less sensitive to the competitive or cooperative effects of the
crystal field and the molecular field. A linear relation can be found
E2 = 8.5 + 4.5*x

(7)

Considering the competition behaviour between the molecular field and the crystal
field found at the Nd3+ sites and assuming that a very similar crystal field applies to
the Er3+, this linear behaviour is then mainly dominated by a possible linear change
in the crystal field rather than the molecular field. In this case, the interaction
between Er3+ and Mn3+ should be much weaker compared with that between Nd3+
and Mn3+. On the other hand, if the interaction between Er3+ and Mn3+ is comparable
to that between Nd3+ and Mn3+ or even stronger, then the linear behaviour may
suggest that the crystal field should be stronger on Er3+ than on Nd3+. In this case, the
crystal field difference suggests that the Nd3+ and Er3+ ions could be interacting with
each other, considering that only the same crystal field is offered by the Mn3+
sublattice. Further study is required to elucidate this complex mechanism.
The spin wave stiffness coefficients at low temperature were also obtained and the
results are presented in Figure 5.4-8. Apart from the sample with x = 0.1, the spin
wave contributions of the other four samples follow a linear dependence on the
doping rate with a negative slope. This behaviour can be fitted by an empirical
formula
DpDz = (-4.23*x+4.10)*kB3

(8)

The weakening behaviour of the spin wave coefficient with increasing Er doping is
due to the weaker antiferromagnetic interaction of the Mn3+ sublattice, which is
consistent with the decreasing transition temperatures confirmed by the results given
in Figure 5.4-1 and Figure 5.4-2(b). In addition, the weakening behaviour of the spin
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wave coefficient is also in line with the weaker ground state doublet splitting of
Nd3+. The anomaly in the spin wave stiffness coefficient for the sample with x = 0.1
is probably due to an enhanced ferromagnetic component induced by the
Dzyaloshinsky-Moriya interaction. This anomaly is also the consequent result of the
anomaly found in the magnetic entropy at x = 0.1.
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Figure 5.4-8 Doping rate dependence of spin wave stiffness coefficient.
5.5

Conclusion

The specific heat of the Er3+ doped rare earth manganate NdMnO3 has been
systematically studied. There are two clear bumps in the temperature dependence of
the specific heat: one is associated with the antiferromagnetic transition of the Mn3+
sublattice, and the other is due to the Schottky anomaly because of the Nd3+/Er3+
ground state doublet splitting. The magnetic entropy of the sample with x = 0.1
around the antiferromagnetic transition is found to be much higher than for the
others, and the spin wave stiffness coefficient is also stronger than for the others,
which is likely to be due to the enhanced ferromagnetic component. The magnetic
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entropy around the magnetic transition decreases as the doping rate increases, except
for the case of x = 0.1. The ground state splitting energies show a nonlinear
dependence on the doping rate except for the case of x = 0.1. Both the molecular
exchange field from the Mn3+ sublattice and variations in the crystal field are
responsible for the ground state doublet splitting, and the effect of their competition
decides the nonlinear behaviour of the doping rate dependent Nd3+ ground state
splitting. The Er3+ ground state splitting energy is linearly dependent on the doping
rate, which is due to the dominance of the crystal field over the exchange field. The
spin wave stiffness coefficient can be well fitted by a linear profile with a negative
slope, except for the case of x = 0.1. These results provide a quasi-quantitative
analysis to determine the relationship between the crystal field and the exchange
field, and its effect on magnetic rare earth ions.
5.6
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6 EXCHANGE BIAS EFFECT IN RARE EARTH AND TRANSITION
METAL COMPOUNDS
6.1

Positive and Negative Exchange Bias Effects in the Simple Perovskite
Manganite NdMnO3

6.1.1

Abstract

Exchange bias effects were studied in the simple perovskite NdMnO3. Nd3+ ordering
is induced by the Mn3+ ferromagnetic component, and they are antiferromagnetically
coupled with each other. At 30 K, both negative and positive exchange bias effects
are found, which are dependent on the cooling field. The exchange bias fields are
around -2400Oe and 1800Oe, respectively. Positive and negative exchange bias
effects were also observed at 8 K, but the exchange bias fields are only 130Oe and 120Oe. The coupling intensity between Nd3+ ordering and Mn3+ ordering, and their
initial states determine the polarity of the exchange bias fields.
6.1.2

Introduction

The exchange bias effect usually occurs in ferromagnetic and antiferromagnetic
bilayers or multilayers. In such a system, the two coercive fields of the magnetic
hysteresis loop are not symmetric, and the centre of the magnetic hysteresis loop
shifts to the left or right. A representative system is Co-CoO,1,

2

where Co is

ferromagnetic and CoO is antiferromagnetic. In this system, exchange bias occurs at
the interface between these two different magnetic materials, and the maximum
exchange bias field in this system is 9500 Oe.3 In a similar system, Fe-Fe3O4,4, 5 the
exchange bias field is about 120 Oe, much smaller than that in Co-CoO. Materials
with exchange bias effects are widely used in magnetic recording devices.3,
167

6

In

recent years, the exchange bias effect has been found in heterostructures and artificial
interfaces, in which the exchange bias effect can be adjustable. In the
Co0.9Fe0.1/BiFeO3 system, the intensity of the exchange bias interaction is found to be
dependent on the properties of the ferroelectric domain walls in the BiFeO3 layer7,
which sheds light on how to control the exchange bias effect by an external electric
field8.

A similar study was also reported on the Co/BiFeO3 system9 and the

BiFeO3/YMnO3 system10. Interface interaction may induce unique properties and
change the magnetic properties of bulk materials, as in a systematic study of the
exchange bias effect that was carried out on LaNiO3-LaMnO3 superlattices.11 On the
other hand, the exchange bias effect can also exist in compounds or composites
which allow the coexistence of both a ferromagnetic component and an
antiferromagnetic component. Recently, the exchange bias effect was intensively
studied in La1-xPrxCrO3 and Sr2YbRuO6, in which both positive and negative
exchange bias effects can be observed and are dependent on the cooling field and
temperature.12, 13 In these two compounds, the exchange bias effect is different from
what appears in bilayer and other interface structures. The coupling between the Pr3+
magnetic rare earth ions and the Cr3+ transition metal ions at different atomic sites in
the ABO3 structure determines the properties of the exchange bias effect in La112

xPrxCrO3.

In Sr2YbRuO6, however, the exchange bias effect originates from the

Dzyaloshinsky–Moria interaction induced ferromagnetic component and from the
antiferromagnetic coupling between the magnetic rare earth ion Yb3+ and the
transition metal ion Ru3+, which are in the same atomic site in the ABO3 structure.
Therefore, it is likely that the exchange bias effect may be observed in some other
similar systems. To explore new materials with exchange bias based on this idea, we
have chosen to study the simple perovskite manganite NdMnO3, considering that the
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Nd3+ spins enter into ferromagnetic ordering, while Mn3+ is in the antiferromagnetic
state at low temperature. Our results show that both a positive and a negative
exchange bias effect can be observed for different magnetic states. The cooling field
can affect the exchange bias field and change the polarity of the exchange bias
effects. A simple scheme is proposed to explain these unique exchange bias effects.
6.1.3

Experimental

Polycrystalline samples of NdMnO3 were made by the traditional solid state reaction
method from Nd2O3 (99.9%) and MnCO3 (99.9%) powders bought from SigmaAldrich. Stoichiometric amounts of raw oxide powder were weighed carefully and
mixed in an agate mortar, followed by pressing into pellets 15 mm in diameter at 20
MPa. Samples were calcined at 950 °C for 10 hours and sintered at 1450 °C for 48
hours. The crystal structures of the samples were examined by X-ray diffraction at
room temperature (XRD, model: GBC MMA), using Cu Kα radiation at λ = 1.54056
Å. The Rietveld refinement calculations were conducted via FULLPROF software.
The magnetic measurements were carried out using a 5 T magnetic property
measurement system (MPMS) and a 14 T physical property measurement system
(PPMS), equipped with a vibrating sample magnetometer (VSM), over a wide
temperature range from 5 to 300 K.
6.1.4

Results and discussion

The results of structural characterization of the sample by XRD are given in Figure
6.1-1. We employed Rietveld analysis to refine the diffraction patterns. The quality
of the refinement is expressed by the refinement parameter χ2 = 2.4. All XRD peaks
can be assigned to the single phase orthorhombic structure with space group Pnma,
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and no detectable impurity phase is present. The lattice parameters are a = 5.7524 Å,
b = 7.5623 Å, and c = 5.4068 Å, respectively.

Intensity (a.u.)
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Figure 6.1-1 XRD Rietveld refinement results for NdMnO3, with χ2 = 2.4 (star
symbols, experimental data, and solid red line, fitted pattern from Rietveld structural
refinement, respectively). The mismatch between the measured and Rietveld refined
spectra is plotted with a slight downshift for clarity. The short vertical solid lines are
guides for the eyes to mark the corresponding Bragg positions.
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Figure 6.1-2 (a) Zero field cooling and 5000 Oe field cooling temperature
dependence of magnetic moment; (b) Curie-Weiss law fitting for spin state
calculation.
The temperature dependence of the magnetic moment was measured under both zero
field cooling (ZFC) and 5000 Oe field cooling (FC) conditions in warming up mode,
and the results are given in Figure 6.1-2(a). A clear peak can be identified in the ZFC
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curve around 13 K, which is assigned to the occurrence of the Nd3+ long-range
ordering. This result is consistent with the neutron diffraction results.14 When the
temperature increases, there is a sudden decrease in the ZFC moment, due to the
dropping out of the Nd3+ long-range ordering. The bump starting at around 79 K
(shown by the black arrow) is ascribed to the Mn3+ magnetic ordering. The CurieWeiss law fitting over the interval from 150 K to 300 K, as shown in Figure 6.1-2(b),
gives a positive Curie temperature of about 50 K, indicating that there is relatively
strong ferromagnetic interaction in the Mn3+ sublattice. It is also true that we observe
an increasing moment below 79 K, which suggests ferromagnetic behaviour.
Meanwhile, the Curie-Weiss law fitting also gives a total effective moment of about
6.0 µB. If we calculate the theoretical moment, the high spin state will produce an
effective moment of about 6.09 µB, while the low spin state will produce an effective
moment of about 4.59 µB (Mn3+: 2.828 µB/atom in the low spin state and 4.9 µB/atom
in the high spin state; Nd3+: 3.62 µB/atom). The close agreement between the
experimental effective moment and the theoretical moment in the high spin state
indicates that the Mn3+ is in the high spin state. This high spin state determines the
relatively strong trend towards antiferromagnetic interaction among the Mn3+ ions,
because the Mn3+ 3d orbital has four electrons. Neutron studies also confirm the
antiferromagnetic property of Mn3+ ordering.14 Similar to the case of LaMnO3, it was
reported that the Mn3+ ordering in NdMnO3 is also A-type antiferromagnetic
ordering.14 In this case, the ferromagnetic component should originate from the
canted A-type antiferromagnetic spin arrangement. The FC moment is negative at
low temperature and reaches its maximum value at 13 K. This abnormal
phenomenon indicates that the Nd3+ ordering is antiferromagnetically coupled with
the Mn3+ ferromagnetic component. A higher measuring field, such as 5 T, can force
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the Nd3+ spins to flip below 13 K and give a positive total moment (not shown),
which follows the trend of a common ZFC and FC temperature dependence of the
magnetic moment. Our previous work has claimed that short-range Nd3+ ordering
still exists above 13 K.15 This means that the Nd3+ ordering is induced by the strong
Mn3+ ferromagnetic component, which is similar to the case of SmMnO3.16 This
phenomenon can also be confirmed by the magnetic hysteresis loops in Figure 6.1-3,
which will be discussed later. Therefore, in NdMnO3, ferromagnetic ordering and
antiferromagnetic ordering coexist, and they are coupled with each other. Exchange
bias may occur in such a system.
To study the possible exchange bias effect, we measured the magnetic hysteresis
loops when the Nd3+ was in the short-range ordering state at 30 K and in the longrange ordering state at 8 K. The magnetic hysteresis loops at 30 K and 8 K are
presented in Figure 6.1-3 and Figure 6.1-4, respectively. Figure 6.1-3 shows the
cooling field dependence of the magnetic hysteresis loop at 30 K, after the sample
was cooled down from 150 K (which is much higher than the Mn3+ ordering
temperature) to 30 K in various positive cooling fields. The measuring fields range
from -3 T to 3 T, in which Nd3+ spins will remain relatively still, while the Mn3+
spins will easily follow the external field (as will be discussed later). When the
sample is cooled down to 30 K without magnetic field, a nearly symmetric hysteresis
loop is obtained, and no obvious exchange bias effect is presented, because of the
disordered nature of the ferromagnetic-like initial domain state, as shown in Figure
6.1-3(a).
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Figure 6.1-3 (a-d) Magnetic hysteresis loop measured at 30 K while the Nd3+ is in the
short range ordering state after cooling down from 150 K in various positive cooling
fields: 0 T, 2 T, 5 T, and 10 T, respectively.
However, a significant negative exchange bias effect is observed when the cooling
field is 2 T, with the exchange bias field reaching about -2400 Oe, as shown in
Figure 6.1-3 (b). The negative exchange bias effect will become weaker when the
cooling field increases to 5 T, at which there is only a shift of about -340 Oe, as
shown in Figure 6.1-3 (c). On the contrary, a significant positive exchange bias effect
occurs when the cooling field is 10 T, at which the exchange bias field is about 1800
Oe, as shown Figure 6.1-3 (d). The cooling field dependence of the exchange bias
field at 30 K is presented in Figure 6.1-5(a).
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Figure 6.1-4 (a-d) Magnetic hysteresis loop measured at 8 K, at which temperature
the Nd3+ is in the long-range ordering state after cooling down from 150 K in various
positive cooling fields: 0 T, 2 T, 5 T, and 10 T, respectively.
On the other hand, Figure 6.4 presents the cooling field dependence of the magnetic
hysteresis loop at 8 K. When the sample is cooled down from 150 K to 8 K in the
zero field, below the Nd3+ ordering temperature, no obvious shift can be observed, as
shown in Figure 6.1-4 (a). However, a positive exchange bias effect can be observed
in a 2 T cooling field, and the exchange bias field is about 130 Oe, as shown in
Figure 6.1-4 (b). Because of the strong Nd3+ ferromagnetic contribution at 8 K, the
coercive fields are very strong, and the shift is not as significant as that measured
above the Nd3+ ordering temperature. When the cooling field increases to 5 T, a
negative exchange bias effect occurs with an exchange bias field of about -70 Oe, as
shown in Figure 6.1-4 (c). When the cooling field further increases to 10 T, the
exchange bias field reaches -120 Oe, as shown in Figure 6.1-4 (d). The cooling field
dependence of the exchange bias field at 8 K is presented in Figure 6.1-5 (b).
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Figure 6.1-5 (a) Cooling field dependence of the exchange bias field at 30 K (red
solid circles); (b) cooling field dependence at 8 K (pink triangles).
We also measured the exchange bias effect in the vicinity of the Nd3+ ferromagnetic
ordering temperature at 13 K and found that only a very weak exchange bias effect
occurs, which can be neglected (not shown). In this case, the exchange bias effect is
strongly dependent on the coupling intensity between the Nd3+ ordering and the Mn3+
ordering, and on the initial states as well.
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Figure 6.1-6 (a) Scheme of the spin arrangement when Nd3+ is in the short-range
ordering state at 30 K; (b) scheme of the spin arrangement when Nd3+ is in the longrange ordering state at 8 K.
The positive and negative exchange bias effects take place in different magnetic
states, which indicates that their mechanisms may be different. First of all, we
discuss the case of the negative exchange bias observed at 30 K. When the Nd3+ is in
the short-range ordering state, local ferromagnetic spin arrangements could form, as
shown in Figure 6.1-6, which are not strictly antiferromagnetically coupled with the
ferromagnetic component of Mn3+. When the sample is cooled down in a relatively
low cooling field, which doesn’t exceed the exchange field (~6 T, which can be
obtained from Figure 6.1-5(a)) between Mn3+ and Nd3+, the spin arrangement
between Mn3+ and Nd3+ spins doesn’t change too much, so that the Mn3+ spins will
be aligned along the cooling field, and the Mn3+ and Nd3+ ions still tend to couple
with each other antiferromagnetically. A positive measuring field will favour this
Nd3+/Mn3+ antiferromagnetically coupled state if the maximum field is much smaller
than the exchange field. When an opposite measuring field (compared with that of
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the Mn3+ ferromagnetic component) is applied, the Mn3+ ferromagnetic component
becomes unstable and begins to break free, which weakens the exchange interaction
between Mn3+ and Nd3+. In this case, the antiferromagnetic exchange field is not ~6
T any longer, but begins to decrease, which further favours the switching of Mn3+
spins. During this process, the Nd3+ spins remain relatively still and offer a strong
pinning force, while the Mn3+ spins follow the measuring field. Once Mn3+ spins are
aligned along the negative measuring field, the Mn3+ and Nd3+ spins are
ferromagnetically coupled, which is a metastable state with a ferromagnetic
exchange field and could be favoured by the negative measuring field. The
Nd3+/Mn3+ antiferromagnetically coupled state, however, is more stable in terms of
energy than the ferromagnetically coupled state. Therefore, it is much easier for the
measuring field to achieve the antiferromagnetically coupled state than to achieve the
ferromagnetically coupled state. Consequently, the negative exchange bias effect can
be observed. When the cooling field is higher than the exchange field, both Nd3+ and
Mn3+ ions will be aligned along the external field, and run in the same direction. The
positive measuring field favours this metastable Nd3+/Mn3+ ferromagnetically
coupled state, but it is easy to go back to the more stable antiferromagnetically
coupled state once the measuring field changes from positive to negative. A positive
exchange bias can then be observed. As illustrated in Figure 6.1-6(a), a low positive
cooling field could give a negative exchange bias effect because the Nd3+ spins are
always opposite to the direction of the cooling field; when the positive cooling field
is very high, high enough to align both the Nd3+ spins and the Mn3+ spins, then a
positive exchange bias effect occurs, because the Nd3+ spins are always along the
direction of the cooling field. When the cooling field is moderate, the Nd3+ spin
arrangement will be disturbed, and the ions are unable to order along the same
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direction any more, but enter into a disorder-like state. In that case, the total pinning
force will decrease, and the previous significant negative exchange bias effect will be
suppressed.
On the other hand, when Nd3+ is in the long-range ordering state at 8 K, as shown in
Figure 6.1-6(b), a strong ferromagnetic spin arrangement is present, which could
always antiferromagnetically couple with the ferromagnetic component of the Mn3+
ordering, considering that the exchange field is about 10 T.17 Then, the Nd3+ and
Mn3+ spin system can be simply regards as a ferromagnetic or ferrimagnetic state at 8
K, and we could also only consider the contribution from Nd3+ spins because their
moments are much larger than those of the Mn3+ spins. Therefore, when the sample
is cooled down from high temperature in an external magnetic field, the
ferromagnetic component of the Mn3+ ordering will be in the direction of the external
field above the Nd3+ ordering temperature. Below the Nd3+ ordering temperature, the
Mn3+ ions are still aligned along the external cooling field, if it is not high enough to
flip all the Nd3+ spins. Normally, the cooling field should be no more than ~1 T,
which is the coercive field of Nd3+ spins, as illustrated in Figure 6.1-4. In this case,
negative Nd3+ domains have formed before we measure the hysteresis loop. If the
cooling field is higher than ~1 T, but lower than the field which could switch all the
negative domains, then there are still minority negative domains which could offer a
pinning force to prevent the switching of majority domains, as illustrated in Figure
6.1-6 (b). Consequently, the negative domain state is easier to achieve than the
positive domain state, and a positive exchange bias effect occurs. If the cooling field
is high enough to flip the Nd3+ below 13 K or above 13 K, positive domains will
form before we measure the hysteresis loop, and then the positive domain state is
easier to achieve, and a negative exchange bias effect occurs. Therefore, the
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exchange bias effects at 8 K stem from domain-domain interaction, which could be
suppressed by a very high measuring field.18, 19
6.1.5

Conclusion

In summary, positive and negative exchange bias effects in the simple perovskite
manganite NdMnO3 were studied. The temperature dependence of the magnetic
moment reveals that Mn3+ has canted A-type antiferromagnetic ordering below 79 K.
On the other hand, Nd3+ shows long-range ferromagnetic ordering below 13 K and
short-range ordering below the Mn3+ ordering temperature. The ferromagnetic
component of the Mn3+ sublattice is antiferromagnetically coupled with the
ferromagnetic ordering of the Nd3+ sublattice, which provides the possibility for the
exchange bias effect to occur. Systematic magnetic hysteresis loop measurements
have confirmed the exchange bias effect. At 30 K, Nd3+ is in the short-range ordering
state, so a significant negative exchange bias effect occurs when the cooling field is
relatively small, reaching -2500 Oe when the cooling field is 1 T. Meanwhile, a
positive exchange bias can also be achieved by using a big cooling field such as 10
T, in which the exchange bias field reaches 1800 Oe. In addition, a negative cooling
field can also switch the negative exchange bias effect to the positive exchange
effect, with almost same absolute values of the exchange bias fields. On the other
hand, both positive and negative exchange bias effects can also be observed at 8 K.
They can reach 130 Oe in 2 T cooling field and -120 Oe in 10 T cooling field,
respectively. The polarity of the exchange bias field depends on the coupling
intensity between the Nd3+ ordering and the Mn3+ ferromagnetic component, and on
the initial states as well.
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6.2

Significant Exchange Bias Effect in the Single Phase Bulk Pr0.5Y0.5Mn2Ge2
Alloy

6.2.1

Abstract

Exchange bias effect has been observed in the single phase bulk Pr0.5Y0.5Mn2Ge2
alloy. At 30K, the exchange bias field reaches ~-230 Oe when the sample is cooled
down from high temperature in external magnetic fields. When the temperature is
further lower, the exchange bias fields increase to ~-400 Oe at 20K and ~-650 Oe at
10K. The strong interaction between magnetic rare earth Pr and transitional metal
Mn is responsible for this effect. This work extends the family of materials with
exchange bias effect, based on which more similar materials could be found in the
future.
6.2.2

Introduction

The materials with exchange bias (EB) effect show great interest for their potential
application on memory storage unit. 1, 2 In such materials, the centre of the magnetic
hysteresis loop shifts to the left or right, giving two asymmetric coercive fields. A
typical system is Co-CoO bilayer,3, 4 where Co is ferromagnetic (FM) and CoO is
antiferromagnetic (AFM).2 The EB effect is also observed in other similar materials
such as Fe-Fe3O4,5, 6 Ni-NiO7, 8. Interface interaction may induce unique properties
and change the magnetic properties of bulk materials, as in a systematic study of the
EB effect that was carried out on LaNiO3-LaMnO3 superlattices.9 On the other hand,
the EB effect can also exist in oxide compounds which allow the coexistence of both
a FM component and an AFM component. Recently, the EB effect was intensively
studied in La1-xPrxCrO3 and Sr2YbRuO6, in which both positive and negative EB
effects can be observed and are dependent on the cooling field and temperature.10, 11
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Beyond the EB effect found in bilayers and oxide compounds, this effect has also be
reported to exist in some single phase alloys, such as Ni-Mn-Sn and Ni-Mn-Sb
Heusler alloys.12-15 In these Ni-Mn-based magnetic shape memory alloys, the
coexistence of the FM and AFM orderings in martensitic phase allows the
occurrence of the EB effect.16 Considering the magnetic property of some rare earth
and transitional metal elements, we expect to find the coexistence of two different
magnetic sublattices when the magnetic rare earth element and transitional metal
element form an alloy. In this sort of system, the exchange anisotropy of two
magnetic sublattices may allow the occurrence of the EB effect. Therefore, we have
chosen to study the single phase bulk Pr0.5Y0.5Mn2Ge2 alloy at low temperature,
considering the Pr and Mn are magnetic. In fact, Pr0.5Y0.5Mn2Ge2 belongs to the big
family of 122-type magnetocaloric alloy compounds, in which the general magnetic
properties have been well studied.17-19 Our results show that a significant negative
EB effect is observed, and the EB field reaches ~-650 Oe at 10K. This work extends
the family of materials with EB effect and proposes a way to design EB materials,
based on which more similar materials could be found in the future.
6.2.3

Experimental

The Pr0.5Y0.5Mn2Ge2 alloy was prepared by conventional argon arc melting from the
starting elements: the Pr and Y, 99.9%; Mn, 99.99%; Ge, 99.999%. The starting
materials contained ∼3% excess Mn to compensate for the Mn loss due to
evaporation during melting and the ingot was melted five times for improved
homogeneity. The crystal structures of the sample was examined by X-ray diffraction
at room temperature (XRD, model: GBC MMA), using Cu Kα radiation at λ =
1.54056 Å. The magnetic measurements were carried out using a 14 T physical
184

property measurement system (PPMS), equipped with a vibrating sample
magnetometer (VSM), over a wide temperature range from 5 to 300 K.
6.2.4

Results and Discussion

At the first, we measure the field cooling temperature dependence of magnetic
moment in cool-down mode to check the magnetic transitions in this alloy system.
The result is presented in Figure 6.2-1. The measuring field is 100 Oe, which is
relatively small and will not disturb the intrinsic magnetic property. There are three
obvious transitions from high temperature to low temperature. To better display the
transition temperatures, we have done the derivation processing and the result is
presented in the inset in Figure 6.2-1. The first transition locates at ~184K, the
second locates at ~136K and the third transition locates at ~60K. According to
previous similar report20, the transition at 184K should correspond to the transition
from interlayer ferromagnetic ordering to interlayer antiferromagnetic ordering, due
to the unit cell contract during the cooling process. The sharp dM/dT change at 136K
is due to the strongly enhanced interlayer AFM interaction. The bump at ~100K may
be the temperature at which the short-range ordering of Pr starts to form. The
transition at 60K is ascribed to the FM ordering of rare earth Pr and the FM ordering
of Mn induced by the FM Pr sublattice. The difference in the transition temperatures
from those in Ref. 19 may be due to the slight difference in the actual element ratio or
inhomogeneity.
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Figure 6.2-1 The cooling field temperature dependence of magnetic moment in cooldown mode; inset: Temperature dependence of dM/dT, which helps to display the
two transitions clearly.
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Figure 6.2-2 The magnetic hysteresis loops measured in zero cooling field at 295K
(a), 130K (b) and 100K (c) from -2000 Oe to 2000 Oe
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To better understand the magnetic state in different temperature range, we measured
the magnetic hysteresis (MH) loops at 295K, 130K and 100K, as demonstrated in
Figure 6.2-2 (a-c), respectively. The MH loops below 60K will be presented and
discussed later. The MH loops in Figure 6.2-2 suggest that there is obvious
ferromagnetic ordering at 295K, 130K and 100K as well. Therefore, the AFM
transition starting from 184K is not a sharp transition but a gradual process. In
addition, the AFM ordering could be enhanced and the FM ordering still exists when
the temperature goes lower when the temperature is cooled from 295K to 60K.
In order to achieve the EB effect, there should be two magnetic components: one of
them is FM ordering while the other one is AFM ordering (here, we don’t discuss the
EB effect in the spin glass state). These two magnetic orderings can origin from the
magnetic phase separated states, in which allow their coexistence.21, 22 Otherwise,
they can also origin from two different magnetic sublattices. Therefore, it is
impossible to observe the EB effect above 136K, because there is only ferromagnetic
ordering of Mn sublattice (to be exactly, Mn sublattice is in canted antiferromagnetic
ordering)19, 20. Between 136K and 60K, although both the AFM and FM orderings
could exist, considering that they come from the same Mn atomic sites, the EB effect
is also hard to achieve, confirmed by the symmetric magnetic hysteresis loops at
130K and 100K shown in Figure 6.2-3. Below 60K, however, Pr atoms start to order
ferromagnetically and spolarize Mn atoms at the same time. Consequently, Mn stoms
have a ferromagnetic component with the same vector as that of Pr FM ordering. In
this case, the anisotropic exchange interaction between Pr and Mn may allow the EB
effect. The Figure 6.2-4 presents the magnetic hysteresis loop measured at 10K, 20K
and 30K, respectively, after the sample was cooled down from 200K in zero
magnetic field and a 3T field.
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Figure 6.2-3 The magnetic hysteresis loops measured at 130K (a) and 100K (b) after
the sample was cooled down from 200K in the 3T external field, respectively
When the cooling field is zero, the EB effect cannot be identified clearly at low
temperature, as displayed in Figure 6.2-4 (a-c). This phenomenon should be ascribed
to the disorder-like initial state at low temperature when the cooling field is zero. On
the contrary, significant EB effect can be observed when the sample was cooled
down from 200K in a 3T magnetic field, as presented in Figure 6.2-4 (d-f).
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Figure 6.2-4 The magnetic hysteresis loops measured at 30K (a), 20K (b) and 10K
(c),

after the sample was cooled down from 200K in the 0T external field,
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after the sample was cooled down from 200K in the 3T external field,

respectively.
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Figure 6.2-5 The cooling field dependence of the exchange bias fields at 30K, 20K
and 10K.
The EB field increases as the temperature reduces from 30K to 10K. At 30K, the EB
field can reach ~-230 Oe at 30K while the EB field is about -400 Oe at 20K and -650
Oe at 10K. In our work, the EB field at 10K is more than 3 times as large as that in
Ref.12 and Ref.13. This change in the EB fields at various temperatures suggests the
enhanced pinning force and the increased content of FM component when the
temperature becomes lower. To study the cooling field dependence of the EB fields,
we measured a series of magnetic hysteresis loops in different cooling fields at 30K,
20K and 10K. The results are given in Figure 6.2-5. The EB fields show relatively
strong dependence on the cooling field when the cooling field is small. When the
cooling field is as high as 2T or above 2T, the EB fields don’t change too much. This
trend is much clear in the case of 10K, indicating the strong thermal disturbance on
one of the two FM sublattices at 20K and 30K.
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After we know the results, let us figure out the mechanism and reveal what happened
behind this unique phenomenon. Below 60K, the Pr atoms are in FM ordering and
polarize the Mn atoms, which allows a weak FM component from Mn sublattice and
it is along the same direction with the FM vector of Pr sublattice. Hence, the
spontaneous exchange interaction between Pr and Mn is ferromagnetic and could be
favoured by a magnetic field applied along the FM vector direction. When the
sample is cooled down in a positive cooling field, the Pr and Mn spins will be
aligned in the same direction and the Pr/Mn ferromagnetically coupled state can be
stabilized by the external magnetic field, which is a stable state in terms of energy.
When a negative measuring field is applied, the Pr spins become unstable and begins
to break free, which weakens the exchange interaction between Pr and Mn spins.
During this process, the Mn spins remain relatively still and offer a strong pinning
force, while the Pr spins follow the measuring field, considering that the moment of
Pr spins is much larger than that of Mn spins and then Pr spins could be forced to
switch relatively easier than the Mn spins (if the Pr spins are still and Mn spins are
switched during the hysteresis loop measurement, there should be a positive moment
when the scanning field is -10000 Oe, which conflicts the experimental result). Once
Pr spins are aligned along the negative measuring field, the Pr and Mn spins are
antiferromagnetically coupled, which is a metastable state with an antiferromagnetic
exchange field. Therefore, it is much easier for the measuring field to achieve the
ferromagnetically coupled state than to achieve the antiferromagnetically coupled
state. Consequently, the negative exchange bias effect can be observed. The Mn-Mn
spin interaction should be stronger compared with the Pr-Pr interaction and the
10000 Oe measuring field will not switch all the Mn spins but can switch all Pr spins.
Then the EB could occur. The temperature dependent EB fields are due to the change
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of the exchange interaction between Pr and Mn at different temperatures. The
coupling between Pr and Mn is relatively stronger at low temperature, such as 10K,
than that at 30K.
6.2.5

Conclusion

In summary, systematically magnetic measurement was carried out in the single
phase bulk Pr0.5Y0.5Mn2Ge2 alloy and significant exchange bias effect is observed at
low temperature, which can reach about -650 Oe at 10K. The temperature
dependence of magnetic moment shows that there are three main transitions, and two
of them are assigned to the enhancement of AFM ordering staring from 184K and
becoming extremely strong at 136K, while the other is due to the FM ordering of Pr
and Mn spins below 60K. Despite that the AFM and FM orderings can coexist from
184K to 60K, no exchange bias effect can be observed because the AFM and FM
orderings both come from the same Mn sublattice and there is no strong coupling
between AFM and FM orderings. The exchange bias can only occur when both Pr
and Mn spins are in ferromagnetic state. The coupling between Pr and Mn sublattices
is responsible for the exchange bias effect. This work extends the family of materials
with the exchange bias effect and also provides a way to design new materials with
the exchange bias effect.
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7 ROOM TEMPERATURE FERROELECTRICITY IN EPITAXIAL
PSEUDOCUBIC SMFEO3 FILM
7.1

Abstract

The epitaxial pseudocubic SmFeO3 on (100) Nb-SrTiO3 was studied based on
ferroelectric (FE) characterization and magnetic measurement. High resolution TEM
images clarify the nature of the epitaxial growth, the stress induced structural
distortion at the film/substrate interface, and the existence of two different
orientation lattices. Clear grain boundaries can be seen, which could introduce an
extra local distortion. Rectangle FE loop can be observed at room temperature even
just applying a small voltage ranging from -1V to 1V indicative of the presence of
ferroelectric polarization. The piezoelectric force microscope image confirms the
existence of ferroelectric domains and the switchable property. A strong
ferromagnetic-like transition occurs around 185K, which is much lower than the
transition observed in bulk sample. It is regarded the pseudocubic structure enhances
ferroelectric polarization and decrease the magnetic ordering temperature.
Meanwhile, the ferroelectricity in this thin film may origin from distortion and
modification in the structure module rather than the exchange striction interaction in
the bulk SmFeO3.
7.2

Introduction

The wide application of traditional data storage is attributed to giant magnetoresistant
effect

1, 2

. Due to increasing demand of computing and storage room, new type cell

unit with higher data density and lower power consumption is required. Ferroelectric
random access memory seems to be a good choice in which vertical polarization can
be easily achieved, meaning that high density could be obtained. Meanwhile, the
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stability of ferroelectric domain assures that information can be well saved for a long
time. On the other hand, in one special type of materials in which magnetic ordering
and ferroelectric ordering can coexist, so-called multiferroic materials, also shows
great potential for the next generation of the data storage application and other kinds
of spintronic devices because spin freedom can be operated beyond the charge
freedom. Therefore, exploring new functional materials having multiferroic property
is a hot research field in these years3, 4. BiFeO3 has shown its priority due to room
temperature multiferroic property.5 However, Bi3+ is not environmental and healthy
friendly, and to obtain single phase in scale is still a problem, which could increase
the cost of production. Furthermore the weak magnetization at room temperature,
weak magnetoelectric coupling and large electrical conceive field strongly limits its
practical application

Rare earth manganites, such as DyMnO36-8 and TbMnO37

(space group: Pnma), are of great interest in which electric polarization is induced by
spiral magnetic ordering because of the simultaneous broken spatial inversion and
time-reversal symmetries.9 In addition, FE property can also be found in
antiferromagnetic hexagonal HoMnO3 and YMnO3 (space group: P63cm). The FE
property of these two materials origins from the buckling of layered MnO5
polyhedral units, driving by the size effect and electrostatic interaction as well. In
these manganites, the spiral magnetic ordering temperatures are very low and far
away from room temperature, which restricts their application at common ambient
temperature. In most traditional ferroelectric materials, such as PZT and BaTiO3,
aren’t magnetic. Therefore, to find new multiferroic materials with high ferroelectric
and magnetic transition temperature seems to be an inevitable way to achieve real
application. Up to now, there are few reports on ferroelectric study in orthoferrites
except DyFeO3 and SmFeO3.10-12Viewing from the point of symmetry, it is nearly
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impossible to achieve ferroelectric phase in orthorhombic ferrite. In case of DyFeO3,
the ferroelectric transition happens below the transition temperature of Dy3+ lattice
around 3.5K, which can be explained by exchange-striction interaction. As for
SmFeO3, a small polarization is supposed to occur due to symmetric exchange
striction interaction among the canted antiferromagnetic spins13,

14

, sharing the

similar ferroelectric origin of DyFeO310 and CaMn7O1215-17. Strain engineering has
been employed to produce low dimensional materials such as functional thin films,
and this method has introduced many unique properties which do not belong to their
bulk forms. Recently, the ferroelectric property has been reported in the artificially
hexagonal YbFeO3 thin film on a hexagonal substrate.18 However, in this work, we
study the epitaxial pseudocubic orthoferrite SmFeO3 on (001) Nb-STO substrate
prepared by pulse laser deposition. Supposed that the mismatch between two sets of
lattices could introduce strain and lead to the local structure distortion at the
film/substrate interface, the structure and the physical properties of the thin film may
consequently be modified. Our characterization shows that good ferroelectric loop is
observed, and piezoresponse force microscopy images confirm the switchable
ferroelectric domain structure. Meanwhile, magnetic measurement results show that
the SmFeO3 experiences a ferromagnetic-like (canted antiferromagnetic) transition
around 185K, quite different from bulk SmFeO3, which is indicative of multiferroic
property in this material, which may also be due to the strain effect induced by local
structural distortion and consequent symmetry change at the interface.
7.3

Experimental

SmFeO3 thin films were deposited at 830

on (001) Nb-STO in a dynamic flowing

oxygen atmosphere of 200 mTorr, using a pulsed laser deposition (PLD) system. The
SmFeO3 target was prepared by solid state reaction method and X-ray diffraction
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(XRD, model: GBC MMA, Cu Kα radiation) shows it is single phase with
orthorhombic structure. The Nd:YAG laser source was used with 355nm wavelength.
During the deposition process, the laser is stabilized at 6-7 J/cm2 and repeats 10
cycles per second. The crystal structures of the films were examined by x-ray XRD
at room temperature. The thickness of the films was checked by scanning electron
microscope (SEM, model: JEOL JSM-6460A) and is around 450 nm. The high
resolution transmission electron microscope (HRTEM, model: JEOL JEM-4000EX)
clarified the epitaxial growth of the thin film at the interface and the existence of
boundaries which separate the majority [010]o and the minority [101]o lattices.
Magnetic property were measured by superconducting quantum interference device
(SQUID) magnetometer. Pt electrodes were deposited on the film for ferroelectric
measurement by magnetron sputtering with a standard shadow mask. Ferroelectric
Analysers (TF2000, aixACCT) were employed to characterize the ferroelectric
property (ferroelectric hysteresis loops and fatigue). Meanwhile, PUND mode
measurements were performed to reveal the real switch process. Nano-scale
ferroelectric measurements of as-grown SmFeO3 film were carried out via
piezoresponse force microscopy (PFM, model: MFP-3D Asylum Research). Typical
scan size and rate were 500nm and 0.1Hz. Positive and negative dc bias of 5V was
applied to the tip to produce switched domain structure and subsequent scan was
done at 370 kHz by DART PFM mode.
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Figure 7.4-1 X-ray diffraction of the SmFeO3 film deposited on (001) Nb-STO single
crystal substrate, lattice parameter: STO cc=3.905 and SFO cc=3.720.
The SmFeO3 thin film was prepared by pulsed laser deposition on (001) Nb-STO
single crystal substrate. The basic structure was checked by the X-ray diffraction, as
shown in Figure 7.4-1. It reveals that the SmFeO3 is epitaxially grown and three
satellite peaks are found near the (001), (002) and (003) Nb-STO peaks. This is
similar to the LuFeO3 and BiFeO3 film on (001) STO substrate, which are both
“cube-on-cube” grown epitaxially with pseudocubic structure. According to these
three diffraction peaks, we can estimate the out-of-plane pseudocubic lattice
parameter a=3.72Å, which is quite close to the (010) growth of bulk SmFeO3.
Considering the similarity between epitaxial BiFeO319,

20

and SmFeO3, it is

reasonable to tentatively assign the SmFeO3 film to rhombohedral structure or
hexagonal structure. The structural study based on diffraction peak calculation shows
200

that the three peaks of pseudocubic structure can successfully be assigned to (012),
(024), (217) peaks of rhombohedral structure (R3c, ar = 5.638Å, αr = 52.64°), or
(102), (204), (217) of hexagonal structure (P63cm, ah = bh = 5.00Å, ch = 14.53Å, α =
β = 90°, γ = 120°).
Compared with the sharp diffraction peaks from substrate, the three peaks from the
thin film are relatively broad, which may origin from two sets of reflection with close
lattice parameters. To check the real case how the thin film grows, high resolution
transmission electron microscope (HRTEM) is employed to determine the interface
structure, as shown in Figure 7.4-2. The cross-section of the thin film was imagined
in bright-field mode presented in Figure 7.4-2 (a), in which clear interface between
the thin film and substrate can be seen. In addition to the epitaxial growth along
SmFeO3 [010]o direction, growth along [101]o is also found in some area of the film
(these two orientation index are simply assigned to those of the orthorhombic bulk
SmFeO3). In Figure 7.4-2(a), a specifically selected film/substrate interface with
(010)o and (101)o grain boundary is shown.

Figure 7.4-2 (a) The interface between the SmFeO3 thin film and the STO substrate,
on which the grain boundary of [010]o and [101]o is also shown. (b) the HRTEM
image of the film/substrate interface, magnified the selected [010] growth area in (a).
showing the epitaxial growth. (d) Selected area electron diffraction pattern, the high
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level diffraction spot shows the splitting, indicating of the different structures
existing in the film.
Considering the lattice mismatch between the orthorhombic SmFeO3 and cubic STO,
the stress induced distortion should exist around the interface. In addition, the
boundary between the [010] and [101] lattices should also introduce extra stress and
local distortion in these system. Significant structural distortion can be identified
around the interfaces in Figure 7.4-2 (b) which presents a small interface area
selected from the rectangle frame in Figure 7.4-2 (a). The atoms of SmFeO3 are
forced to stack according to the structure of STO at the initial several layers, which is
around 10nm in scale. However, this distortion will become weaker and weaker
when the depositing process goes further. On the contrary, the boundaries between
two different orientation lattices always exist, which is beyond the stress scale on the
interface.
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Figure 7.4-3 (a) Electric hysteresis loop of SmFeO3 films on Nb-STO at room
temperature, (b) time dependence of applied voltage and corresponding current.
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Electric hysteresis loop of SmFeO3 films on Nb-STO was carried out at room
temperature. When the applied voltage exceeds 1.2V (electric field ~22 kV / cm), a
rectangle-like shape loop can be observed as shown in Figure 7.4-3(a), indicating of
good FE property. A higher applied voltage will increase the leakage current and a
relative round FE loop will present (not shown). The time dependence of applied
voltage and consequent current is given in Figure 7.4-3(b), in which obvious
switching current can be seen and it is quite different from typical resistor or
capacitor’s behaviour. The small current behaviour difference between opposite
voltages is probably due to the electrode effect (Au and Nb-STO). To check the
fatigue property, the P-E loops were measured for 106 times and the remanent
polarizations were presented in Figure 7.4-4. The remanent polarization is about
0.08μC/cm2. There is no significant change of remanent polarization after the fatigue
test, indicating the good stability of this FE material.
Considering the leakage effect which can also contribute to P-E loop, we used PUND
method to confirm the real polarization. The PUND method uses an up-up-downdown wave to exclude the leakage effect. The standard PUND wave form is
presented in Figure 7.4-5. At the beginning, the system uses a negative write pulse to
polarize the film. After that, a positive pulse V1 is applied to the film and a current
will produce due to leakage and domain flop. Then another positive pulse V2 is
applied and a current will produce only due to leakage. Therefore, the integrity of
current difference produced between up-up or down-down processes is accordant
with two time remain polarization 2Pr. This also applies to the down-down process.
V3 pulse will switch the FE domain to opposite direction and V4 just measures the
leakage current contribution. In the Figure 7.4-5, clear current difference between I1
and I2 or I3 and I4 can be observed (the pure leakage current peak is lower and
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narrower than that with switching current), indicating that polarization in the P-E
loop is real. However, the real current contribution from FE switching is reduced to
half, meaning that the remanent polarization is about 0.04μC/cm2. This value is very
close to that found in the orthorhombic HoMnO321, 22, in which Mn3+ spins are in Etype antiferromagnetic ordering. To some extent, considering the different magnetic
states between the orthorhombic HoMnO3 and the orthorhombic SmFeO3, this
similarity suggests that the mechanism in the orthorhombic bulk SmFeO3 may not
apply to the SmFeO3 thin film.
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Figure 7.4-5 The time dependence of (a) applied voltage (ranging from -2V to 2V)
and (b) consequent current measured by PUND mode.
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Figure 7.4-6 Nano-scale ferroelectric domain structure characterized by PFM: (a)
amplitude image and (b) phase image; (c) PFM lithography, inset: the pre-set pattern
and (d) amplitude distribution along the red line across the lithography pattern in (c).
To investigate the magnetic property of this pseudocubic SmFeO3 film, we carried
out the measurement by using the MPMS. Field cooling temperature dependence of
magnetic moment was measured from 10K to 300K, as shown in Figure 7.4-7. A
sharp FM-like transition can be found around 185K. The FM behaviour can be
confirmed by magnetic hysteresis loop at 100K. Curie-Weiss law fitting result givens
a positive intercept which corresponds to a negative Curie-Weiss temperature,
indicating the AFM interaction starting below 240K. Hence, the FM-like behaviour
should origin from a canted AFM ordering. This is quite different from what happens
in bulk SmFeO3, in which a spin reorientation happens around 433K from a canted
antiferromagnetic (WFM) ordering to simple antiferromagnetic ordering. Such big
change may be attributed to Fe3+ spin frustration in rhombohedra/hexagonal lattice,
which weakens the interaction between Fe3+ ions compared with that in
orthorhombic lattice. The stress induced distortion on the interface and boundaries
should be responsible for the significant change in the magnetic properties. This
result indicates that the ferroelectricity in the SmFeO3 at room temperature may be
not from the magnetic exchange striction interaction but from the structure distortion.
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Figure 7.4-7 (a) Temperature dependence of magnetic moment from 10K to 300K,
and Magnetic hysteresis loop measured at 100K; (b) Antiferromagnetic interaction of
Fe3+ sublattice confirmed by Curie-Weiss law fitting with temperature range from
100-300K.
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7.5

Conclusion

In summary, the structure, ferroelectric and magnetic properties were studied in the
epitaxial pseudocubic SmFeO3 on Nb-STO substrate. Clear structure distortion can
be identified on the [010]o grown film/substrate interface and boundaries of [010]o
and a small fraction of [101]o grains. A strong ferromagnetic-like transition is
observed around 185K, which should be due to a canted antiferromagnetic ordering.
The PFM images clarify the existence of ferroelectricity, and the switchable domain
structure. Ferroelectric measurement also presents a saturating hysteresis loop and
the loops are very stable even after 106 cycles’ measurement. PUND method was
used to determine the intrinsic ferroelectric polarization and the remanent
polarization is about 0.04 μC/cm2, which is comparable to that in orthorhombic
HoMnO3. The structure distortion in this system should responsible for the
significant change in magnetic property and the small polarization as well.
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8 SUMMARY
This thesis reviews three important physical phenomena in magnetic material
systems:

the

magnetoresistance

effect,

exchange

bias,

and

the

multiferroic/magnetoelectric coupling effect. Memory or storage devices have been
designed or will be designed based on these three significant physical effects.
Manganese oxides have aroused great interest in these phenomena. A spiral magnetic
ordering exists in DyMnO3 and produces ferroelectric ordering at low temperature.
Therefore, DyMnO3 is a multiferroic material. To better understand the magnetic
interaction and the stability of spiral magnetic ordering in such materials, we choose
to study the perovskite DyMn1-xFexO3 system, based on X-ray diffraction pattern
refinement, Raman spectroscopy at room temperature, magnetic measurements, and
dielectric analysis. The lattice parameters show that static orbital ordering exists in
the samples with x ≤ 0.2, while phonon modes of Raman spectra show clear
hardening or softening and are strongly dependent on Fe content. Abnormal changes
in these phonon modes are observed at x ≈ 0.3, corresponding to the appearance of
dynamic orbital ordering instead of static orbital ordering. At the composition x >
0.5, as Jahn-Teller orbital ordering starts to disappear, spin reorientation starts to
appear, which is confirmed by the temperature dependence of the magnetic moment.
For the samples with x < 0.5, the antiferromagnetic transition temperature increases
as x increases, as identified by the temperature dependence of modified dχ/dT. For
samples with x > 0.5, the spin reorientation temperature (Tr) and the
antiferromagnetic Néel temperature (TN) gradually separate and widen the
temperature range of the magnetic metastable state between Tr and TN, reaching Tr =
65 K and TN = 680 K for x = 1. The change in the antiferromagnetic transition
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temperature is due to the stronger antiferromagnetic interaction induced by Fe3+ ion
substitution, with its eg orbital half-occupied, with respect to the Mn3+ ion, with its eg
orbital quarter-occupied. The spin reorientation is modified by the competition
between the Fe3+-Fe3+ interaction and the Dy3+-Fe3+ interaction.
The dielectric constant and loss of perovskite DyMn1-xFexO3 samples show strong
dispersion in various frequencies, which is indicative of relaxation. The activation
energies were obtained through Arrhenius law fitting and range from 0.213 eV to
0.385 eV. The Fe content dependence of the characteristic frequency f0 and the
activation energy Eα shows two transitions which are well consistent with the change
in orbital ordering. Meanwhile, different magnetic orderings could affect the
relaxation and induce the change in Eα. Magnetodielectric properties were studied
around the spin reorientation transition temperature of 290 K (which is close to room
temperature) in DyMn0.33Fe0.67O3. Both giant positive and giant negative
magnetodielectric coupling (MDC) were observed near room temperature. The MDC
shows strong temperature and frequency dependence, and the sign changes from
positive to negative when the magnetic state makes a transition from a canted
antiferromagnetic state to a collinear antiferromagnetic state. Possible mechanisms
are proposed based on the Maxwell-Wagner model, the phase transition, the
magnetoresistance effect, and spin-phonon coupling.
The interaction between rare earth ions and transition metal ions plays a critical role
in determining the magnetic configuration. At the same time, the interaction between
magnetic rare earth ions has not been studied in detail. Therefore, the structural
properties, magnetic properties, and heat capacity have been systematically studied
in perovskite Nd1-xErxMnO3 (0 ≤ x ≤ 0.5). Er3+ doping enhances the Jahn-Teller
distortion, strongly affects the Nd3+-Mn3+ interaction, destroys the intermediate state
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below the antiferromagnetic transition temperature in NdMnO3, and breaks the
antiparallel arrangement between Nd3+ and Mn3+ spin ordering. In spite of the high
compression of the lattice along the c axis, the spin states of Mn3+ are stable and are
always high spin states. For x < 0.5, both the Mn3+ antiferromagnetic transition
temperatures and the Nd3+ ferromagnetic transition temperatures decrease after Er3+
doping. For x = 0.5, Mn3+ probably enters a pure A-type antiferromagnetic (AFM)
state at lower temperature, which is different from the canted A-type AFM state
found in other samples, and there is no Nd3+ ordering observed above 5 K. The
decreasing ferromagnetic component in magnetic hysteresis loops at 30 K indicates
that the canted angles vary with x. Otherwise, the coincidence between the magnetic
entropy abnormality and the structural change suggests that the magnetic transition
may accompany structural change. These results offer strong evidence for the
interaction between rare earth ions and transition metal ions, and for competition
among rare earth ions as well. The specific heat study on Nd1-xErxMnO3 shows that
anomalies in the magnetic entropy, contributed by the antiferromagnetic transition,
and the spin wave stiffness coefficient are found in the sample with x = 0.1 due to a
stronger ferromagnetic component, which is consistent with previous magnetic
measurements and analysis. Careful investigation of the specific heat in the low
temperature range below 25 K shows that the ground state splitting of Nd3+ has been
modified by the Er3+ doping, showing a nonlinear dependence on the Er3+ doping
rate, due to the competition between the crystal field and the exchange field. On the
other hand, the ground state splitting of Er3+ has a linear dependence on the doping
rate, which is attributed to the dominance of the crystal field over the exchange field.
Hence, the competition between the crystal field and the exchange field must be
considered for the low temperature study of rare earth ions when they are comparable
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in other similar systems. The spin wave coefficients decline linearly with increasing
Er3+ doping content, except in the case of x = 0.1, in line with the weaker
antiferromagnetic interaction.
Considering the strong coupling between the magnetic rare earth ion Nd3+ and the
transition metal ion Mn3+ in NdMnO3, it is possible to find the exchange bias effect
in this kind of magnetic system. In this thesis, we report the exchange bias effects in
this simple perovskite manganese oxide. Nd3+ ordering is induced by the Mn3+
ferromagnetic component, and they are antiferromagnetically coupled with each
other. At 30 K, both negative and positive exchange bias effects are found, which are
dependent on the cooling field. The exchange bias fields are around -2400 Oe and
1800 Oe, respectively. Positive and negative exchange bias effects were also
observed at 8 K, but the exchange bias fields are only 130 Oe and -120 Oe. The
coupling intensity between Nd3+ ordering and Mn3+ ordering, and their initial states
determine the polarity of the exchange bias fields. In fact, this idea may also apply to
other systems containing magnetic rare earth ions and transition metal ions. Based on
this assumption, we found that the exchange bias effect can be achieved in the single
phase bulk Pr0.5Y0.5Mn2Ge2 alloy. At 30 K, the exchange bias field reaches ~-230 Oe
when the sample is cooled down from high temperature in external magnetic fields.
When the temperature is further reduced, the exchange bias fields increase to ~-400
Oe at 20 K and ~-650 Oe at 10 K. The strong interaction between the magnetic rare
earth Pr and the transition metal Mn is responsible for this effect. This work extends
the family of materials with an exchange bias effect, based on which, more similar
materials could be found in the future.
The last work reported is the strain engineering induced ferroelectric property in
epitaxial pseudocubic SmFeO3 on (100) Nb-SrTiO3. High resolution TEM images
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clarify the nature of the epitaxial growth, the stress induced structural distortion at
the film/substrate interface, and the existence of two different orientation lattices.
Clear grain boundaries can be seen, which could introduce an extra local distortion.
A rectangular FE loop can be observed at room temperature, even when just applying
a small voltage, ranging from -1 V to 1 V, which is indicative of the presence of
ferroelectric polarization. The piezoelectric force microscope image confirms the
existence of ferroelectric domains and the switchable property.
The magnetic and electric properties in such magnetic systems promise the potential
application in spintronics. The exchange bias research in single phase bulk materials
will attraction more attention for their simple structures and the exchange bias effect
may still exist in their thin film form, which deserves further study and preludes the
production of the memory storage devices with the single phase materials. The low
thermodynamic investigation helps to understand the magnetic behaviour, which
sheds the light of the effective control of the magnetic ordering and the crystal
structure by the element doping. The possible high performance ferroelectric
memory device is worthy to be designed based on the room temperature ferroelectric
thin films.
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